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ABSTRACT

Fault plane solutions were inverted to estimate stress tensor directions in 

Hawaii and Iran. These directions were compared to the seismically released strain 

tensor obtained by summing the moment tensors of the same earthquakes. Attempts 

were made to determine which of the nodal planes was the fault plane. Regional 

seismotectonic models were constructed based on these results.

The seismotectonic model for west Hawaii explains the seaward motion of the 

upper crust along a near-horizontal plane under a near-vertical greatest principal 

stress. The focal mechanism of the 1951 M=6.9 Kona earthquake in west Hawaii 

was modeled as a decollement based on a synthesis of teleseismic body waves 

using a new method designed for sparse data sets.

In southeast Hawaii, a single stress tensor orientation is compatible with a 

complex mixture of decollement, reverse, and normal faults. However, the stress 

field varies as a function of space and time. The differences between stress and 

strain orientations are caused by rotations of stress or strain directions, respectively, 

while the other remains constant. A rotation of the greatest principal stress in 1979 

suggests magma movements within the aseismic part of Kilauea’s southeast rift 

zone. Strain directions rotate due to the shifting of seismic activity from one fault to 

another in a volume of diverse faulting. These results show that the decollement 

plane at 1 0  km depth is weak and can slip in response to greatest principal stresses 

oriented near-perpendicular, sub-parallel or at 45° to it.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4

In Iran, stress directions, as estimated from major earthquakes, are homogene

ous over areas several hundred kilometers long and mostly coincide with strain

directions, suggesting that the strength of the crust is uniform.

The quality of the stress inversion results, measured by the size of the average

misfit, is similar in Hawaii and Iran, although the dimensions of the study areas

vary from tens to several hundreds of kilometers, and the magnitudes of the earth

quakes from M=3.5±0.5 to M=6±0.5, respectively. Average misfits between 2° and 

6 ° were obtained in both studies and are interpreted as characteristic of crustal 

volumes with homogeneous stress fields.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5

TABLE OF CONTENTS

LIST OF FIGURES ..........................................................................  12

LIST OF TABLES ............................................................................  17

ACKNOWLEDGMENTS .................................................................  20

CHAPTER

1 INTRODUCTION ............................................................................... 22

2 A SEISMOTECTONIC MODEL FOR WESTERN HAWAII 
BASED ON STRESS TENSOR INVERSION
FROM FAULT PLANE SOLUTIONS ............................................  26

1. ABSTRACT ......................................................................  26

2. INTRODUCTION .............................................................  28

3. DATA ......................   32

4. METHOD .........................  38

4.1. Inversion of stress ....................................................  38

4.2. Strain calculation ......................................................  41

5. RESULTS ..........................................................................  42

5.1. Inversion of the entire data set ...............................  43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6

5.2. Area 1 ......................................................................... 44

5.3. Area 2 ......................................................................... 45

5.4. Area 3 .........................................................................  46

5.5. Area 1, depth ^ 10 km ..............................................  47

6 . STRAIN CALCULATION ................................................  47

7. DISCUSSION AND CONCLUSIONS .............................  48

8 . REFERENCES .................................................................... 55

9. TABLES ..............................................................................  61

10. FIGURES ........................................................................... 6 8

3 INVERSION FOR SOURCE PARAMETERS FROM 
SPARSE DATA SETS: TEST OF THE METHOD 
AND APPLICATION TO THE 1951 (M=6.9),
KONA, HAWAE, EARTHQUAKE..................................................  77

1. ABSTRACT ........................................................................ 77

2. INTRODUCTION ............................................................... 79

3. METHOD ............................................................................  82

4. DATA ..................................................................................  84

5. TEST OF THE METHOD .................................................  85

5.1. The rise tim e ..............................................................  8 6

5.2. Modeling of the data .................................................  8 6

5.3. Inversion of the full data set for the 1983

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kaoiki earthquake....................................................  87

5.4. The standard solution for the Kaoiki test
case ..........................................................................  8 8

5.5. Inversion from single station records ....................... 89

5.6. Inversion from sparse multi-station data sets ..........  90

5.7. Discussion of the test ................................................  92

6 . THE 1951 KONA EARTHQUAKE..................................  93

6.1 The depth and rise time ............................................  94

6.2. Inversion of the full data set for the 1951
Kona earthquake ......................................................  94

6.3. Inversion from decimated data sets .......................... 96

7. DISCUSSION AND CONCLUSION................................  97

8 . REFERENCES ...................................................................  100

9. TABLES .............................................................................  104

10. FIGURES ..........................................................................  I l l

4 STRESS TENSOR ORIENTATIONS IN
THE SOUTH FLANK OF KILAUEA, HAW AH,
ESTIMATED FROM FAULT PLANE SOLUTIONS ..................... 119

1. ABSTRACT .......................................................................  119

2. INTRODUCTION ..............................................................  121

3. METHOD ...........................................................................  125

3.1. Misfit as a function of fault plane solution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

3.1. Misfit as a function of fault plane solution
errors................................................ ...................... 127

4. DATA ................................................................................  130

5. TYPE OF FAULTING......................................................  134

6 . FAULTING AS A FUNCTION OF TIM E......................  138

7. RESULTS OF INVERSION FOR STRESS 
ORIENTATIONS .............................................................  140

7.1. Area 1 .......................................................................  141

7.2. Area 2 ........................................................................ 142

7.3. Area 3 .......................................................................  144

7.4. Area 4 .......................................................................  144

7.5. Area 5 .......................................................................  145

7.6. Stress orientations as a function of depth ................. 145

8 . STRAIN .............................................................................  147

8.1. Method of strain calculation ..................................... 147

8.2. Observed strain orientations...................................... 150

8.3. Comparison of stress and strain tensor
orientations .............................................................  151

9. DISCUSSION....................................................................  152

9.1. Stress orientations.......................................................  152

9.2. Fault orientations........... .............................................  156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9.3. The June 26, 1989, M=6.2, Kilauea south flank
earthquake................................................................ 159

9.4. Comparison of stress and strain tensor
orientations .............................................................. 161

10. CONCLUSIONS .................................................. :.......... 165

11. REFERENCES ................................................................. 169

12. TABLES ........................................................................... 176

13. FIGURES....... ....................................................................  182

5 COMPARISON OF STRAIN AND STRESS TENSOR 
ORIENTATION: APPLICATION TO IRAN 
AND SOUTHERN CALIFORNIA ................................................  201

1. ABSTRACT  ..................................................................... 201

2. INTRODUCTION .............................................................. 204

3. METHODS ......................................................................... 209

3.1. Inversion of stress ..................................................... 209

3.2. Misfit as a function of fault plane solution
errors ........................................................................ 2 1 1

3.3. Strain calculation ....................................................... 214

3.4. Comparison of the two methods ............................... 215

4. IRAN..................................................................................  217

4.1. D ata ...........................................................................  217

4.2. Results from the inversion for stress

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



directions..................................................................  219

4.2.1. Alborz ...........................................................  220

4.2.2. Eastern Iran ...................................................  221

4.2.3. Zagros ................................................    221

4.3. Discussion of the stress tensor analysis ................... 223

4.4. Strain tensor orientations ..........................................  225

4.5. Comparison of stress and strain tensor
orientations .............................................................  227

4.6. Discussion..................................................................  229

5. SAN ANDREAS FAULT IN SOUTHERN 
CALIFORNIA ...................................................................  230

5.1 D a ta ............................................................................  230

5.2. Results from strain computation ...............................  232

5.3. Comparison of stress and strain directions .............  233

5.4. Discussion..................................................................  234

6 . CONCLUSIONS ............................................................... 236

6.1. Iran .............................................................................  236

6.2. Southern California ...................................................  238

6.3. Iran and southern California .....................................  238

7. REFERENCES ..................................................................  241

8 . TABLES .........    246

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9. FIGURES ............................................................................  264

6  CONCLUSION .....................................................................................  276

1. SUGGESTIONS FOR FUTURE WORK .........................  279

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

LIST OF FIGURES

Figure

CHAPTER 2

2.1. Map of the island of Hawaii identifying the volcano
summits Hualalai, Kohala, Mauna Kea, Mauna Loa, and
Kilauea ..............................................................................................  6 8

2.2. Fault plane solutions for events in (a) area 1,
(b) area 2, and (c) area 3 .................................................................  69

2.3. Map of epicenters of earthquakes used in this study .......................... 70

2.4. Slip vector uncertainty of individual fault plane solutions.................. 71

2.5. Examples of focal mechanisms for different depths
of the M oho......................................................................................  72

2.6. Directions of principal stresses derived from
fault plane solutions for west Hawaii..............................................  73

2.7. Directions of principal stresses for subregions
of west Hawaii .................................................................................  74

2.8. Stereographic projections of the principal stress
and strain axes for areas 1 and 2 .....................................................  75

2.9. Proposed focal mechanism for major Kona earthquakes ....................  76

CHAPTER 3

3.1. Map of the island of Hawaii identifying the volcano
summits Hualalai, Kohala, Mauna Kea, Mauna Loa, and
Kilauea ..............................................................................................  I l l

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

3.2. Digitized seismograms of the 1951 Kona earthquake .........................  112

3.3. Fault plane solutions of the 1983 Kaoiki earthquake ..........................  113

3.4. Correlation matrices for L, Q, and T component of
station MAJO ...................................................................................  114

3.5. a) Lower hemisphere stereographic projection showing
the azimuthal distribution of stations for the 1983 Kaoiki 
earthquake

b) Best fault plane solution for the 1951 Kona earthquake 
determined by modeling the seismograms of stations 
FLO, HAV, MAT, TUC ............................................................... 115

3.6. Comparison of the observed P-wave train with the synthetics
computed for different source depths at station MAT (vertical 
component) .......................................................................................  116

3.7. Correlation matrices for the 1951 Kona earthquake ............................  117

3.8. Match of the data and synthetics computed with
the source orientation of Figure 3.5b for stations
HAV, TUC, FLO, and MAT ............................................................ 118

CHAPTER 4

4.1. Map of southeastern Hawaii showing the caldera of
Kilauea volcano and its rift zones .................................................... 182

4.2. Locations of seismic stations on southeastern Hawaii ........................  183

4.3. Inconsistent station polarities for the focal mechanisms
as a function of the misfit, f, computed by the fault plane
solution program................................................................................ 184

4.4. (A) Histograms of the number of first motion readings,
(B) of inconsistencies, and (C) of the misfit, f, obtained for
each focal mechanism ....................................................................... 185

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

4.5. Distribution of the parameter defined as the station
distribution ratio (STDR) .............................................................  186

4.6. Distribution of the strike (top), dip (center), and rake
(bottom) uncertainties for the focal mechanisms ............................  187

4.7. Type of faulting in the south flank of Kilauea in the
period 1972 through November 29, 1975 (pre-Kalapana
period) ...............................................................................................  188

4.8. Type of faulting for the period 1975-1992
(post-Kalapana period) .....................................................................  189

4.9. Depth distribution of the earthquakes
for which we have focal mechanisms .............................................. 190

4.10. Focal mechanisms and epicenters of earthquakes
with magnitude, M>5, which occurred in the south flank
since 1972 .........................................................................................  191

4.11. Distribution of faulting as a function of time for earthquakes
located east of longitude 155° 10’ W (group A) ..........................  192

4.12. Same plot as Figure 4.11 but for the events located west
of 155° 10’ W (group B).................................................................  193

4.13. Map of the epicenters of the earthquakes used in the
inversion for stress for the period before (top) and
after (bottom) the Kalapana 1975 mains hock ...............................  194

4.14. Results of the inversion for stress using the approximate
method for the different areas defined in Figure 4.13 ..................  195

4.15. Final results of the stress tensor inversion using the
exact method for areas 1, 3, 4, and 5 (period 1972 through
1992).................................................................................................  196

4.16. Same plot as Figure 4.15 but for area 2 and as a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

function of time ................................................................................  197

4.17. Lower hemisphere projections of the principal strain
orientations with 95% confidence ellipses ..................................... 198

4.18. Summary of the orientations of the maximum horizontal
stress in the south flank of Kilauea as a function of time and
space .................................................................................................. 199

4.19. Schematic cross section of the south flank of Kilauea
with active faults and greatest principal stress and strain
in volume 1 and 2  as a function of tim e.........................................  2 0 0

CHAPTER 5

5.1. Map of Iran with epicenters of earthquakes
with known focal mechanisms...........................................................  264

5.2. Map of southern California showing the San Andreas fault
(SAF) and the five segments selected for study by
Jones [1988] as well as the stress and strain directions ..................  265

5.3. Map of northern Iran with focal mechanisms used in the
inversion for stress of area 1 (Alborz) ..............................................  266

5.4. Map of Iran with focal mechanisms used in
the inversion for stress of area 2 (eastern Iran).................................  267

5.5. Map of Iran with focal mechanisms used in the
inversion for stress of area 3 (Zagros)................................................  268

5.6. Directions of principal stresses for subregions of
northern Iran (area lb) and eastern Iran (area 2b) ..........................  269

5.7. Directions of principal stresses for subregions of
Zagros.................................................................................................... 270

5.8. Directions of principal strain as a function of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

magnitude for subregions of northern Iran (area lb) and
Zagros (area 3a, 3b, 3c) plotted on lower hemisphere
stereographic projections................................................................... 271

5.9. Directions of principal strain as a function of
magnitude for eastern Iran ................................................................ 272

5.10. Schematic map view of the stress and strain
orientations in Iran .......................................................................... 273

5.11. Mohr plots representing the poles of the fault planes
used in the stress inversion of Jones [1988]
plotted as a function of normal stress, a , and resolved
shear stress on the faults, x, for each segment ............................. 274

5.12. Orientations of maximum principal stress and
strain along the SAF and along strike-slip faults in Iran..................  275

CHAPTER 6

6.1. Schematic cross section across Hawaii
from the west coast to the south flank of Kilauea
with stress axes and slip vectors....... ................................................. 281

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

LIST OF TABLES

Table

CHAPTER 2

2.1. Velocity models used for locating earthquakes in west
Haw aii...............................................................................................  61

2.2. Fault plane solutions for west Hawaii..................................................  62

2.3. Stress tenor directions for west Hawaii
derived from fault plane solutions .................................................... 6 6

2.4. Directions of principal strain for west Hawaii.....................................  67

CHAPTER 3

3.1. Stations used for inversion of the source parameters
of the 1983 Kaoiki earthquake ......................................................... 104

3.2. Stations used for the modeling of the 1951 Kona earthquake ............  105

3.3. Fault plane solutions of the 1983 Kaoiki earthquake
obtained by modeling individual stations......................................... 106

3.4. Fault plane solutions of the 1983 Kaoiki earthquake
for combination of stations with similar azimuth ............................ 107

3.5. Fault plane solutions of the 1983 Kaoiki earthquake
for 15 arbitrary three station combinations .....................................  108

3.6. Fault plane solutions of the 1983 Kaoiki earthquake
for station combinations simulating
the 1951 Kona earthquake ...............................................................  109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

3.7. Fault plane solutions of the 1951 Kona earthquake
for different station combinations....................................................  1 1 0

CHAPTER 4

4.1. Relationship between fault plane solution errors and
misfit from stress tensor inversion of the perturbed
synthetic set ......................................................................................  176

4.2. Stress tensor directions obtained with the approximate method
as a function of time and space.......................................................  177

4.3. Stress tensor directions obtained with the exact method
as a function of time and space.......................................................  178

4.4. Stress tensor directions obtained with the exact method
as a function of depth in areas 1 and 2 ...........................................  179

4.5. Principal strain directions in the south flank of Kilauea .....................  180

4.6. Results of test of choice of fault plane ................................................  181

CHAPTER 5

5.1 A. Relationship between fault plane solution errors and misfit
from inversions of the perturbed synthetic s e t ..............................  246

5.IB. Mixing data sets with different stress directions.................................. 247

5.2. Fault plane solutions of Iranian earthquakes........................................  248

5.3. Stress tensor directions in Iran estimated from
published fault plane solutions ........................................................  258

5.4. Principal strain directions in Iran as a function
of magnitude range...........................................................................  259

5.5. Directions of principal strain along the southern

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

San Andreas fault ...............................................................................  261

5.6. Horizontal computed principal strain directions and
the strike of the San Andreas fau lt.................................................... 262

5.7. Azimuth of maximum and minimum horizontal principal
stresses and strains in southern California ....................................... 263

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

ACKNOWLEDGEMENTS

I want to thank my adviser Professor Max Wyss who, through his excellent 

scientific guidance and constant encouragement, helped me to achieve this work. 

As a friend I thank him and his family for having made my life in America, from 

Colorado to Alaska, so enjoyable and exciting. I will never forget.

I am grateful to my committee members, Profs. Douglas Christensen, Stephen 

McNutt, Hans Pulpan, and William Harrison for their helpful comments which 

helped improve this manuscript.

My life in Alaska would not have been as enjoyable without the exceptional 

working atmosphere on the third floor of the Geophysical Institute. I want to thank 

all my friends and colleagues from the GI who helped me during these two years in 

Fairbanks. Special thanks to Vicki McConnell, Stefan Wiemer, Hilary Fletcher, and 

Guy Tytgat for their moral support and hands on help in making figures.

Most of my scientific education was accomplished at the University of 

Colorado at Boulder, where all my class work and most of my PhD work was done. 

There, I benefitted of the teaching and advice of Profs. Carl Kisslinger, Roger Bil- 

ham, John Wahr, and Max Wyss, to whom I am thankful. I want to thank also Drs. 

Frank Scherbaum and Martin Beisser with whom I collaborated and who patiently 

taught me the use of their computer codes. Special thanks to Paul Bodin with whom 

I spent endless hours talking about science, art, literature, and life, and who always 

had the right words whenever I needed moral support. My gratitude also to Carol

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

Finn, Ellen Franconi, and Bruce Kindel for their encouragement throughout these 

years of hard work. Thanks also to Barbara Sloan for her help in formatting this 

thesis.

Finally, I want to thank my parents and my sisters who always believed in me 

and supported me without hesitation.

Many computer codes were kindly provided by their authors to whom I am 

grateful: John Gephart (stress inversion), Martin Beisser (waveform modeling), 

Beiyuan Liang (strain calculation), Frank Scherbaum and James Johnson (PITSA).

Data were collected at the Hawaiian Volcano Observatory (HVO). I thank Dr. 

Paul Okubo and the staff of HVO for their help and hospitality. Funding for parts 

of this thesis was provided by grants from the National Science Foundation (EAR 

8916252, EAR 9116722, and EAR 9118086) and the Wadati endowment at the 

Geophysical Institute of the University of Alaska to M. Wyss.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

CHAPTER 1 

INTRODUCTION

Earthquake focal mechanisms can be used to infer the orientation of the princi

pal stresses that cause earthquakes along faults and at plate boundaries. From a 

variety of different focal mechanisms within a crustal volume of uniform stress, the 

directions of the principal stresses can be calculated if one assumes that, on each 

fault plane, slip occurs in the direction of the resolved shear stress. This assumption 

is justified by the fact that faults are planes of weakness, which implies that the 

greatest and least principal stresses can be oriented anywhere in the extensional and 

compressional quadrants, respectively. Based on these assumptions, Gephart and 

Forsyth [1984] have developed a method to estimate the stress orientations from 

groups of focal mechanisms. This method had not been used extensively and still 

needed to be tested in different tectonic environments and at different scales. In this 

thesis, I tested this method in two different tectonic environments, Hawaii and Iran, 

where the orientation of the stress field was unknown and where such a technique 

had never been applied. In Hawaii, the volumes analyzed typically had dimensions 

of 1 0  km and contained one hundred to several hundred earthquakes, with focal 

mechanisms, whereas in Iran the dimensions where several hundred kilometers and 

the number of earthquakes with focal mechanisms was between 20 and 30. The 

magnitudes of the events used in Hawaii were mostly 3.510.5, and 6.010.5 in Iran. 

Surprisingly, I found that the assumption of homogeneity of the stress directions
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seems to be fulfilled at both of these scales to within a few degrees.

Another approach of understanding seismotectonic processes is to compute the 

strain orientation by summing the moment tensor of the earthquakes as described by 

Kostrov [1974]. The resulting moment tensor is then proportional to the average 

strain released by the earthquakes within a volume of the crust. I hypothesize that 

the principal stress axes and the principal strain axes must be coaxial if the 

strength of the crust is uniform. However, if in a crustal volume, some of the 

earthquakes occur on a fault which is weak, the strain and stress orientations may 

differ. The reason for this difference comes from the fact that a fault will always 

slip in a direction which is at 45° from the greatest principal strain but the stress 

resolved on this fault may be very small if the greatest principal stress is almost 

perpendicular or parallel to the the fault. This hypothesis was tested in Hawaii, Iran 

and southern California.

This thesis is a collection of four papers (Chapters 2-5). Each chapter was 

written as an individual contribution. However they are linked by the similarity of 

the problem they address: the inference of the stress field from focal mechanisms 

and its comparison to the strain field released by the earthquakes.

Chapters 2 and 4 are studies of the stress field in western Hawaii (chapter 2) 

and in the south flank of Kilauea volcano in Hawaii (chapter 4). In these two 

chapters, the relationship between the orientation of the principal stresses and the 

volcanos and their rift zones is investigated and a seismotectonic model for western 

Hawaii is proposed.
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Chapter 3 is not directly related to inversion of stress. It presents the modelling 

of the 1951, M=6.9, Kona earthquake in western Hawaii, using a method developed 

by Beisser et al. [1990] to retrieve the source parameters (strike, dip, rake, and 

depth) of sparsely recorded events. This method was tested on a well recorded 

earthquake and then applied to a large but sparsely recorded event in western 

Hawaii. By defining the fault plane orientation of this largest earthquake in western 

Hawaii, I showed that the most significant faulting occurs on a decollement plane. 

By this finding I added a new fundamental piece of evidence to validate the 

seismotectonic model derived in Chapter 2 for western Hawaii.

Chapter 5 is a study of the comparison of stress and strain orientations in Iran 

and southern California. In the seismological field, there are virtually no studies 

comparing strain with stress directions, both derived from fault plane solutions. It 

appears that authors believe in the benefits of one or the other method exclusively. 

For example, Jackson and McKenzie [1984; 1988], and Ekstroem and England 

[1989] have exclusively used the strain method to study the kinematics of plate 

motions, whereas Gephart and Forsyth [1984], Michael [1987], Jones [1988], and 

Zoback and Beroza [1993] have studied stress orientations in California and ignored 

the possibility of computing the strain orientations. It is only in the field of struc

tural geology that such comparisons are made in applying both of these methods 

mainly to field observations of fault slip data instead of focal mechanisms [e.g. 

Marrett and Allmendinger, 1990]. In chapter 5, I show that comparisons of the two 

types of results (stress and strain) can add to the understanding of faulting 

processes.
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Chapter 2 (a seismotectonic model for western Hawaii based on stress tensor 

Inversion from fault plane solutions) was published in the Journal of Geophysical 

research in 1992 and was coauthored by Max Wyss and Jennifer Nakata. Chapter 3 

(inversion for source parameters from sparse data sets: test of the method and appli

cation to the 1951 (M=6.9), Kona, Hawaii, earthquake) was submitted to the Journal 

of Geophysical Research and accepted for publication in 1993. The first author of 

this paper is Martin Beisser, but the paper was written by me. Martin Beisser 

designed the method, implemented it in the computer and performed the test of the 

method with the Kaoiki earthquake. With his aid, I modelled the 1951, Kona earth

quake after digitizing the historical records. Our coauthor is Max Wyss, who 

helped in the writing of the manuscript. Chapter four (stress tensor orientations in 

the south flank of Kilauea, Hawaii, estimated from fault plane solutions) has been 

submitted for publication to the Journal of Geophysical research, and is coauthored 

by Max Wyss and Paul Okubo. Invitations for co-authorship were extended to two 

U.S. Geological Survey (USGS) staff members (J. Nakata and P. Okubo) of the 

Hawaiian Volcano Observatory (HVO) because the first motion polarities necessary 

to calculate the fault plane solutions were gathered at HVO. Chapter 5 (comparison 

of strain and stress tensor orientation: application to Iran and southern California) 

has been submitted to the Journal of Geophysical Research and is coauthored by 

Max Wyss.
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CHAPTER 2

A SEISMOTECTONIC MODEL FOR WESTERN HAWAII BASED ON 

STRESS TENSOR INVERSION FROM FAULT PLANE SOLUTIONS1

1. ABSTRACT

For 57 fault plane solutions of earthquakes with magnitude ML2. 3.0 located 

west of the southwest rift zone of Mauna Loa volcano in Hawaii, which occurred 

between 1972 and 1988, the dominant focal mechanisms (44 events) are decolle

ment type with one nodal plane nearly horizontal (dip £ 30°). The average slip vec

tor of the upper crust on the decollement plane points in an azimuth of 260° toward 

the ocean, away from Mauna Loa’s southwest rift zone at an angle of about 150° 

with respect to the NE-SW oriented rift. Two other types of focal mechanisms are 

present: normal faults (4 events) and strike-slip faults with normal component (9 

events).

The orientation of the principal stresses was derived by minimizing the sum of 

the misfits between the theoretical and observed fault geometry for each focal 

mechanism. After subdividing the data set into three different regions we found

i

Chapter 2 contains the complete text and figures of the manuscript, A 
seismotectonic model for western Hawaii based on stress tensor inversion from 
fault plane solutions, by D. Gillard, M. Wyss, and J.S. Nakata, as published in 
the Journal of Geophysical Research, Vol. 97, Pages 6629-6641, 1992.
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that the stress tensor is not homogeneous in west Hawaii. The orientation for the 

stress tensor is best resolved in the area located between latitude 19.27°N and 

19.4°N and longitude 155.7°W and 155.9°W where the greatest principal stress 

directions within the 95% confidence limits are nearly vertical with some spreading 

to the West. Their plunge varies between 53° and 85°. The intermediate and least 

principal stresses are mostly horizontal and have similar magnitudes. Their plunge 

varies between 1° and 36°. The area between latitudes 19.4° and 19.6°N and longi

tude 155.7° and 156°W is characterized partly by near-vertical and partly by east- 

west oriented greatest principal stresses. The least principal stresses are approxi

mately horizontal and have magnitudes similar to the intermediate principal stresses.

In the two areas where the stress tensor was well resolved, the principal strain 

directions differed from the principal stress directions by 30° in the plunge, suggest

ing that the faulting in western Hawaii takes place on a weak plane, but this result 

could not be established at the 95% confidence level.

The tectonic model proposed for west Hawaii is similar to the model for the 

Kalapana region. The strain is accumulated through magmatic intrusions in the 

southwest rift zone of Mauna Loa, and the earthquakes occur along a zone of weak

ness composed of oceanic sediment at about 10 km depth. The west fiank of Mauna 

Loa slips in the direction away from the rift.
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2. INTRODUCTION

An earthquake of magnitude M=6.9 occurred on the west flank of Mauna Loa 

volcano, Hawaii, on August 21, 1951 (Figure 2.1). Its location was along the west 

coast near Kealakekua (Kona district). The earthquake caused considerable damage 

{Wyss and Koyanagi, 1992] and was followed by an aftershock sequence that lasted 

several months with an M= 6  event on May 23 1952. Nine hundred and sixty five 

earthquakes were recorded by instruments from the time of the mainshock until the 

end of September [Macdonald and Wentworth, 1952], The mechanism of this 

earthquake could be inferred if we had a tectonic model for the west flank of 

Mauna Loa volcano. A model exists for the southern part of the island east of the 

southwest rift zone of Mauna Loa but is lacking for west Hawaii. The purpose of 

this paper is to develop a seismotectonic model for west Hawaii.

On the basis of focal mechanisms and other seismological and geodetic evi

dence, several authors [Swanson et al., 1976; Furomoto and Kovach, 1979; Ando, 

1979; Endo, 1985; Lipman et al., 1985; Wyss and Kovach, 1988] have shown that 

the November 29, 1975, A/ 5  =7.2 Kalapana earthquake (Figure 2.1) was caused by 

the accumulation of strain energy by magmatic intrusion in Kilauea volcano and its 

rift zones. The upper part of the crust slipped perpendicularly away from the rift 

on a near horizontal plane. The hypocentral depth of this earthquake was between 

8  and 11 kilometers. The proposed tectonic model states that the buried sediment 

layer of the sea floor, upon which the edifice of the volcanoes is deposited, acts as a 

near horizontal plane of weakness. The evidence for this comes from refraction
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data [Hill and Zucca, 1987], from the concentration of relocated crustal earthquakes 

at the depth of this layer [Savage and Meyer, 1987; Thurber and Gripp, 1988], and 

from fault plane solutions [Crosson and Endo, 1981; Bryan and Johnson, 1991].

For the Kaoiki area (Figure 2.1), where the November 16, 1983, Af$=6 . 6  earth

quake occurred, two types of focal mechanisms have been observed [Endo, 1985], 

near-vertical strike-slip and near horizontal decollement types. Endo [1985] inter

preted the latter type as a mechanism by which the southeast flank of Mauna Loa 

can slip away from the summit caldera and rift zones in a similar way as described 

for the south flank of Kilauea volcano. Also, Wyss et al. [1992] showed that in an 

inversion for the stress tensor orientation in the Kaoiki area, the decollement plane 

is chosen as the probable fault plane in 84% of the focal mechanisms.

In the Hilea area, which is located south of Kaoiki (Figure 2.1), only decolle

ment solutions exist [Endo, 1985], suggesting that Mauna Loa’s south flank slips to 

the south-east away from its rift zone. The stress tensor inversion by Liang and 

Wyss [1991] confirmed the idea that Mauna Loa’s southwest rift zone is the source 

of stress causing earthquakes in this area. Slip of the upper crust to the SE is more 

easily possible here than further north, because there is no mass like that of Kilauea 

offering resistance. Wyss [1988] used this model as the basis for a source model 

for the great Hawaiian earthquake of April 2, 1868.

An oceanic sediment layer must be present everywhere at the base of the 

island, except where it may have been eroded by the magmatic intrusions, including 

the western part of the island, as shown in the refraction profile 7 of Hill and Zucca
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[1987]. We propose that the stress, which caused the 1951 Kona earthquake, accu

mulated by magma intrusions in the southwest rift zone of Mauna Loa volcano, and 

that the near horizontal oceanic sediment layer located at a depth of approximately 

1 1  kilometers acts as a zone of weakness in this part of the island also.

To test this hypothesis, we have examined focal mechanisms of M^=3.5±0.5 

earthquakes that occurred between 1972 and 1988 in the west part of Hawaii (Fig

ure 2.2). If our hypothesis is correct, these focal mechanisms should show greatest 

principle stress directions and slip vectors oriented approximately perpendicular to 

the southwest rift, and the events located at a depth of about 1 1  kilometers should 

have mostly decollement-type focal mechanisms.

The focal mechanisms show a variety of fault plane solutions (Figure 2.2). If 

they are produced by a single stress tensor, then this variation may be the result of 

the presence of planes of weakness with different orientations to accommodate the 

slip. On the other hand, the variation could reflect the inhomogeneity of the stress 

tensor within the crust. In order to test the hypothesis that the stress tensor may be 

homogeneous throughout Kona, we will use the method developed by Gephart and 

Forsyth [1984] to infer the orientation of the stress tensor and its relative magni

tude. This method, contrary to other stress inversion techniques [Angelier, 1979; 

Angelier et al., 1982; Michael, 1984; 1987a], allows one to determine the orienta

tion of the stress tensor by inverting focal mechanism data without prior knowledge 

of the fault plane. From a variety of different focal mechanisms within a crustal 

volume of uniform stress, the directions of the principal stresses and the relative
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stress magnitudes can be calculated because on each fault plane, slip occurs in the 

direction of the resolved shear stress [Gephart and Forsyth, 1984; Gephart, 1990b]. 

This implies that a variety of focal mechanisms may offer a good constraint on the 

orientation of the stresses that produced the slip on the faults. As a first step, we 

will test the validity of the main assumption that all the focal mechanisms are pro

duced by a single homogeneous tensor by applying the inversion to three separate 

data sets from different regions. If the 95% confidence limits around the best stress 

tensor solutions do not overlap, we will conclude that the stress tensor is not homo

geneous throughout the crustal volume considered. If they overlap, we will define 

criteria of comparison based on the goodness of fit and the distribution of relative 

magnitudes between the different sets in order to resolve any possible differences in 

the stress tensors. The same procedure will be applied to subsets of the data as a 

function of depth in order to check if the stress tensor changes with depth.

Finally, we compared the regional stress tensor with the seismic strain tensor 

following the procedure proposed by Wyss et al. [1992]. The regional stress tensor 

is the tectonic stress which causes the earthquakes. The seismic strain tensor results 

from the application of the tectonic stress which will produce slip on particular 

faults. In relatively isotropic material, the principal axes of stress and strain should 

be the same or close to each other. If a dominant zone of weakness is present in a 

volume, it is possible that the principal strain directions are significantly different 

than the principal stress directions because the angle between the principal strain 

directions and the slip direction of the fault is always 45°, while the greatest princi

pal stress can lie anywhere in the dilatational quadrant [McKenzie, 1969; Kostrov,
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3. DATA

The data set consists of all relatively well-recorded events of magnitude 

Ml ^3.0 located in an area defined by latitudes 19.1°-19.8°N and longitudes 155.6°- 

156.1°W (Figure 2.3) for the period from January 1969 through December 1988 as 

listed in the catalog of Hawaiian earthquakes published by the Hawaiian Volcano 

Observatory (HVO). The criteria of selection were that each event had to have at 

least 15 first motion readings made by the HVO staff and that the takeoff angles 

had to be well distributed and not clustered around the same value. Because this 

part of the island is not well covered by seismograph stations (Figure 2.3), this con

dition was difficult to fulfill. Eighty-three earthquakes with M^3.0 were selected for 

study, with an average of 29 first motions per event. We added 14 more events with 

magnitude M>2.5 from the preliminary catalog covering the period 1986-1988. The 

magnitude threshold used for this period was lower because a magnitude shift of 

-0.5 had been detected in a previous study of the catalog; thus we believe that 

M=2.5 after 1985 is equivalent to M=3.0 before the new method was introduced in 

1986 to calculate magnitudes.

The focal mechanisms were calculated using a computer program [Whitcomb 

et al., 1973] that determines focal mechanisms from P wave first motion data by 

testing a grid of trial mechanisms with a resolution of 5°. It chooses the best 

mechanism as the one which minimizes the number of first motion readings in 

error. As an output, the program gives a minimum score (Sc) which is equal to half

1974],
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the sum of the quality ratings of the readings in error. The quality ratings are equal 

to 2 for impulsive first motion and 1 for emergent first motion. The stations near 

the nodal planes are linearly tapered from 0 to 1 within a distance of 3° from the 

nodal plane. This download from tapering is also added in the calculation of the 

score. The quality of the fault plane solutions was evaluated on a scale from A to D 

based on Sc and the number of first motions in error (Nine). The quality factor was 

used in the stress inversion program as a weight for each solution. The scale was 

defined as: A= Sc^l.5, Ninc^4; B= 1.5^Sc^2.6, 3<Ninc^6; C=2.7^Sc^4.5, 

6^Ninc^9; D=4.5 < Sc, 9 < Nine. In addition, we used some subjective judgment 

to downgrade poorly constrained solutions. Solutions with one plane not con

strained to better than ± 45° were assigned D quality and rejected regardless of 

other scores. In most solutions the uncertainty of the slip vector was less than or 

equal to 5°, with only three solutions that had uncertainties larger than 25° (Figure 

2.4).

We first computed the focal mechanisms using the data as they are listed in 

the catalog. For correcting polarity reversals we used the HVO list of reversals, 

which is an expansion of the list compiled by Endo [1985]. We added to this list 

reversals that have been compiled by Wyss et al. [1992] for 1977-1988 and some 

noted by F.W. Klein (personal communication, 1989).

The quality of focal mechanisms is controlled by the accuracy of the takeoff 

angles and their distribution on the focal sphere. The velocity structure is an 

important factor to assess the accuracy of the takeoff angle. If one uses a horizon
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tally layered structure, even with linear gradient, the takeoff angles for the stations 

located further than the crossover distance for direct and refracted waves will all be 

the same. If the azimuthal coverage of the stations is good, their projections on the 

stereographic net will appear along the same small circle. If the stations have simi

lar azimuths, then the first motions will be clustered on the focal sphere. In both 

cases, it becomes difficult to fit nodal planes through the data (Figure 2.5a). This 

situation appears often in the data from the west flank of Mauna Loa, if the velocity 

model that was developed for the area around Kilauea is used.

The hypocenters in the Hawaiian catalog have been calculated with the velo

city model HG50 [Klein, 1981]. This model has given good results for locating 

earthquakes and computing their focal mechanisms in the southern and eastern parts 

of Hawaii [Klein, 1981] (Table 2.1). On the west flank of Mauna Loa, the network 

is sparse (Figure 2.3). Only five stations are located within the studied area, seven 

additional stations are within 15 km and most of the rest of the stations are located 

to the east at distances greater than or equal to 50 km. From the refraction survey 

of Hill and Zucca [1987] and Zucca et al. [1982] we concluded that the Moho 

below the Kona coast of Mauna Loa is substantially deeper than in the model 

HG50. They have estimated the depth of the Moho at about 18 km beneath the 

high, subaerial flank of Mauna Loa, allowing that it could be about 2 km deeper 

due to poorly constrained velocities in the crust. Using a model with the Moho at a 

depth that is too shallow has the effect of artificially compressing stations from a 

range of distances into the small circle where all refracted wave paths are projected 

on the stereo net. To avoid this error, we increased the depth of the Moho in our
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model. In order to determine at what depth we should put the Moho, we calculated 

the takeoff angles of all the focal mechanisms for different depth of the Moho start

ing at 16.5 km as in HG50 and increasing it by 1 km up to 26.5 km without relo

cating the events. We compared the resulting focal mechanisms and observed that 

the improvement was substantial at a Moho depth of 21.5 km (Figure 2.5c), because 

compressions and dilations, which were mixed at the refraction angle of HG50, 

became separated when a model with a deeper Moho was used. With the Moho at 

21.5 km, the average number of stations in error dropped from 5 to 4, while the 

score stayed stable around an average of 2. The difference in velocity model did 

not significantly change the fault plane solutions of some events, but it affected that 

of others considerably (Figure 2.5).

The final focal mechanisms were calculated with the modified HG50 model 

with the Moho at 21.5km (Table 2.1) keeping the same location as in the catalog. 

These focal mechanisms were graded with quality factors ranging from A to D as 

described above. Out of a total of 97 events, 21 received a quality factor of A, 18 a 

B, 22 a C, and 36 of quality D were rejected. The focal mechanisms of the remain

ing 61 events selected for the inversion are given in Table 2.2. The average number 

of stations used to calculate the focal mechanisms is 30 with a minimum of 18 and 

a maximum of 47 stations. The average number of stations in error is 4 per event 

and the average score is 1.9.

The uncertainty of the fault plane parameters (strike, dip, and rake) is 

estimated from the range of angles which the slip vectors may occupy without
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introducing an additional (unnecessary) violation of a first-motion reading. This 

range is part of the output when finding fault plane solutions [Whitcomb et al., 

1973], For our data set the average uncertainty was 9° with 84% of the solutions 

having uncertainties of less than 15° (Figure 2.4). Based on this observation, we 

expect that in inversions for stress orientations of homogeneous data sets, the 

misfits for individual solutions should not exceed 15°.

The new Moho depth is deeper than the one determined by Hill and Zucca 

[1987] even if we add the 2 km that they allow. For that reason, we have compared 

the focal mechanisms computed with the Moho at 21.5 km with the fault plane 

solutions obtained with the Moho at 18.5 km. The average of the absolute 

difference in strike, dip and rake between the two data set is 19°, 7° and 14° with 

72%, 8 8 % and 76% of the differences below 15°, respectively. This comparison 

was possible because for more than 90% of the events, the fault plane solutions 

were similar enough that the nodal planes were directly comparable. We conclude 

that these differences are not significant and we maintain our decision to keep the 

Moho at 21.5 km.

To test if our decision of keeping the same location as in the catalog was rea

sonable, we relocated the events using the Joint Hypocenter Determination (JHD) 

method [Dewey, 1972] with the Kaoiki mainshock of 1983 as calibration event. The 

choice of the Kaoiki event as calibration event is not ideal because this event is 60 

km east of the studied area which means that the waves leaving its source do not 

have the same path as the seismic waves produced by the earthquakes on the west
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flank of Mauna Loa. On the other hand, it is difficult to get accurate locations 

independently of the choice of the calibration event because the earthquakes occur 

in a poorly instrumented part of the network and one may argue that heterogeneities 

in the shallow layers below the receivers will be corrected for by the method used. 

We propose that if the focal mechanisms of the relocated events are similar to the 

focal mechanisms of the non relocated ones, one can assume that the mechanisms 

are robust and not significantly dependent on the location.

The average difference between the Hawaiian Volcano Observatory (HVO) 

locations and the new locations is 3.5 km with a maximum of 9.5 km and a 

minimum of 0.2 km. The relocated events moved north by about 1.1 km in the 

average and east by about 1.1 km relative to the HVO locations. The depth of the 

relocated events are on the average deeper by about 0.6 km. The depth distribution 

of the relocated events is scattered, possibly because we did not use any S wave 

first arrivals and because there are only five stations close enough to the events to 

control the depth. The average depth of the relocated events is 10.4 km with a stan

dard deviation of 3.6 km.

The difference in the orientation of the P axes between the relocated events 

and the nonrelocated ones is on the average 22° with 56% of the focal mechanisms 

showing a difference of less than 15° and 73% less than 30°. In the case of the T 

axes, the average difference is 26° with 54% of the focal mechanisms showing a 

difference of less than 15° and 76% less than 30°. As for the fault plane solutions 

of the nonrelocated events, the solutions of the relocated events have uncertainties
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of about 15°. Within that range of uncertainty, one concludes that the focal 

mechanisms based on the new locations did not vary significantly from those using 

the original locations.

4. METHOD

4.1. Inversion of stress

The basic assumption in the stress inversion method by Gephart and Forsyth 

[1984] is that the deviatoric stress tensor is uniform in the crustal volume of study. 

The second assumption is that, on each fault plane, slip occurs in the direction of 

resolved shear stress [Bott, 1959; Gephart and Forsyth, 1984; Gephart, 1990b]. In 

order to invert successfully the focal mechanism data for the direction of principal 

stresses, one must have a crustal volume with faults representing zones of 

weaknesses with different orientations in an homogeneous stress field. This stress 

field will produce earthquakes on these faults with a variety of focal mechanisms. 

Each of these focal mechanism types acts as a constraint under the second assump

tion. If only one type of focal mechanism is observed, then the direction of the 

principal stresses would be as poorly constrained as in the case of a single fault 

plane solution. McKenzie [1969] showed that, for one focal mechanism, with well- 

determined nodal planes, the direction of the greatest principal stress can be any

where in the dilatational quadrant of the fault plane solution.

In the inversion algorithm of Gephart [1990a], the model parameters are the 

directions of the three principal stresses a l 5  a 2, a 3  (where a 1>CT2 >ar3) and the ratio
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R which is defined as

CT3-C T i

In order to determine these three unknown parameters, one has to minimize the 

difference between the prediction of the model and the observations. This difference 

is called a misfit and is defined as the minimum rotation about any arbitrary axis 

that brings the fault plane geometry into coincidence with a new fault plane 

geometry (prediction of the model) that satisfies the second assumption and (KR<1 

[Gephart and Forsyth, 1984], Since there are two nodal planes for each observed 

focal mechanism, there will also be two misfits; one for each nodal plane. The 

plane with the smallest misfit is assumed to be the fault plane. The smaller misfit 

of the two nodal planes of each earthquake are added to give the sum of the misfits. 

The best model of direction of principal stresses is found by a grid search over the 

focal sphere. The model with the smallest sum of misfits is chosen as the best solu

tion.

In addition to the best model we also need its confidence limits. Gephart and 

Forsyth used the one-norm misfit described by Parker and McNutt [1980] to com

pute the limit of confidence level because the distribution of misfits is exponential 

and in that case the one-norm misfit is more appropriate than the two-norm misfit 

[Menke, 1984],

This inversion technique is objective in the sense that it does not require 

knowledge of the fault plane. If data are in sufficient quantity, it can pick the fault
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planes with a fairly good percentage of success as tested by Michael [1987a]. He 

also pointed out that if two data sets of focal mechanisms, generated by two 

different stress fields, are mixed, then this inversion technique will produce a solu

tion which is an average of the two stress fields. This implies that it can be difficult 

to decide whether a data set of focal mechanisms is produced by one single stress 

field or many. The only way around this problem is to divide the data set into 

different subsets according to spatial, temporal, or tectonic criteria and to calculate 

the inversion for every subset. If more than one subset yields the same result within 

the 95% confidence limits, then the stress direction may be considered homogene

ous within those subsets and within the resolution afforded by the data.

Criteria for preferring the inversion result of a subset of the data over that of 

the entire data set include ( 1 ) reduction of the average misfit, (2 ) reduction of the 

number of fault plane solutions that are incompatible, or have misfits substantially 

larger than the errors of the fault parameters, and (3) change from a bimodal distri

bution of R values to a single (modal) distribution. We define as inconsistent with 

an inversion result those solutions for which both misfits are larger than 2 0 ° 

because the uncertainties in the the fault geometry are less than 15°. The relation

ship between the errors in the fault plane solutions and the minimum misfit is not 

clear, but it is reasonable to assume that individual solutions for which the 

minimum misfit is larger than these errors are not compatible with the assumption 

of a homogeneous stress tensor. The size of the 95% confidence limits will not be 

a criterion for preferring an inversion result, because it does not measure the quality 

of the result but the degree to which it is constrained. These criteria will also help
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to resolve differences between regions with overlapping 95% confidence regions. As 

Michael [1987b] pointed out, if two 95% confidence regions overlap, that does not 

mean that these two results cannot be different because the distribution of models 

within the 95% confidence region can still be described by different distributions at 

the 95% confidence level. The criteria mentioned above will be applied to resolve 

any difference more in a qualitative way rather than quantitative because we do not 

know the distribution of the models within the 95% confidence region.

4.2. Strain calculation

It is possible to compute the strain released in a crustal volume due to slip on 

faults with a variety of orientations. Kostrov [1974] showed that the averaged 

released strain and the moment tensors of the earthquakes located within a volume 

V are related as follows:

( 2 )

where (I is the shear modulus.

Mfj is the moment tensor of the kth earthquake and is related to the scalar 

seismic moment by

M-j = M q i u f n f  + uf n f ) j  (3)

where n f  is a unit vector normal to the fault plane and u f  is a unit vector parallel 

to the slip direction. The scalar moment can be obtained from the moment- 

magnitude relation and the vectors n and u from fault plane solutions. The shear
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modulus and the volume are scalar values that do not affect the orientation of the 

strain tensor. The scalar moments were derived from the moment-magnitude rela

tion for Hawaii proposed by Zuhiga et al. [1988].

In order to compare the direction of principal strains with the direction of prin

cipal stresses within a region of homogeneous stress field, one has to determine the 

uncertainty of the principal strain directions. The 95% confidence ellipses of the 

principal strain directions were calculated using the error analysis described by 

Wyss et al. [1992], We used 10° as the uncertainty of the strike and the dip since 

this is approximately the average slip vector uncertainty (Figure 2.4). The error on 

the scalar moment is 1.9 multiplied by the average moment as proposed by Wyss et 

al. [1992]. In order for the strain tensor to be considered significantly different 

from the stress tensor, the 95% confidence ranges should not overlap. Even if the 

best solutions for the stress and strain tensor differ by tens of degrees, we cannot 

claim that the tensor directions are significantly different if the 95% ranges overlap.

5. RESULTS

It is difficult to verify that the assumption of homogeneity in the volume and 

for the period containing the data is fulfilled. Our data sample a period of about 

seventeen years which is small compared to the time it may take to rotate the stress 

tensor by tectonic processes. Also, our data set does not contain any earthquake 

with magnitudes larger than 5 and no major intrusions occurred in Mauna Loa’s 

south rift during this time. For that reason, it is reasonable to assume that the stress 

direction has not changed over the period covered by the data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

We divided our data set spatially into three areas which seemed to be 

separated naturally by lack of activity between them (Figure 2.3). Area 1 is located 

between 19.4°-19.6°N latitude and 156.0°-155.7°W longitude. Area 2 is located 

between 19.27°- 19.40°N latitude and 155.90°-155.7°W longitude. The separation of 

the data into area 1 and area 2  is also justified tectonically because the southwest 

rift zone changes orientation at about latitude 19.36°N, and most of the events in 

area 2 are located south of this latitude. Area 1 is north of the bend in the orienta

tion of the rift, and it is also closer to the Hualalai volcano. Area 3 was defined 

separately from the others because the earthquakes are closer to Mauna Loa than 

the rest of the events and consequently more likely to occur in a locally different 

stress field. We first inverted the data set containing all events and subsequently the 

subsets corresponding to the different areas.

The procedure used to invert a data set of focal mechanisms was to start with 

several initial values for a! and 0 3  axes and to search over the entire focal sphere 

with a 10° grid for the models with the smallest average misfit. The best result was 

then used as a starting value in the search with a 5° grid over a smaller range of the 

focal sphere (about 30°). The model with the smallest average misfit resulting from 

this second search was called the best model and the 95% confidence limit was then 

computed.

5.1. Inversion of the entire data set

This data set comprises all the events (57) located inside the areas defined in 

Figure 2.3. The four events outside these areas were not used in the analysis
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because they are isolated and distant from the other earthquakes. We classified the 

focal mechanisms having one plane dipping at an angle smaller or equal to 30° as 

decollement-type focal mechanisms. Three types of focal mechanisms are present in 

this data set: 44 events are decollement type with an average slip on the decolle

ment plane oriented at an azimuth of 260°±12° and a plunge of 6 ° ± 1°, 4 are nor

mal faults, and 9 are strike slip with a normal fault component (Figure 2.2). The 

inversion of the entire data set resulted in an average misfit of 6.0° (Table 2.3). 

The 95% confidence region is small (Figure 2.6a) thanks to the number of events 

(57) and their variety of focal mechanisms. Three inconsistencies were detected 

with misfits equal to 23°, 26°, and 28°.

The distribution of R values (Figure 2.6a) shows a concentration of models 

below R=0.4 and above R=0.6. This may be an indication that this data set is not 

homogeneous but composed of subsets. We would expect that if a set is homo

geneous, then the R values would concentrate around one value and not around two 

different values. Below we will examine whether subsets of the data in smaller 

regions will furnish a smaller average misfit, fewer inconsistencies, and a distribu

tion of R values concentrated around one value. If so, the subsets may be more 

homogeneous than the mixed set.

5.2. Area 1

In area 1 we observe two types of focal mechanisms: the decollement type (26 

events) and normal faults (3 events, Figure 2.2a). The average slip vector for the 

upper crust in the decollement type has an azimuth of 243°±19° and a plunge of
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7°±1°. The average depth of the events having a decollement-type of focal 

mechanism is 10.3 km. The normal fault events have an average depth of 10.0 km.

The inversion for this data set gave as best result cti almost vertical with a 

plunge of 83° (Table 2.3, Figure 2.7a). cj2  and 0 3  are horizontal, and the R value 

of 0.9 suggests that a 2  is approximately equal to 0 3 . The 95% confidence region 

(Figure 2.7a) shows that a 2  and 0 3  overlap. Only one inconsistency was detected 

with misfit equal to 25°. None of the rest of the focal mechanisms in the inversion 

of this data set showed a misfit larger than 17° for the preferred plane. Also the 

average misfit (4.5° , Table 2.3) shows an improvement compared to the inversion 

of the entire set. We assume that the plane with the smaller misfit may be chosen 

as the fault plane if the difference between the misfit of the two nodal planes is 

larger than 15°. If the difference is less than 15°, then a choice is not possible, 

both planes could be the fault plane. The value of 15° was chosen because 84% of 

the fault plane solutions have slip vector uncertainties smaller than 15° with an 

average around 10°. The algorithm was able to pick 6  fault planes: 2 were decolle

ment planes, 3 were the vertical planes from a decollement type and 1 was the 

plane of a normal type. In 23 cases a choice was not possible.

5.3. Area 2

In area 2, there are 16 decollement-type focal mechanisms and only one nor

mal fault out of a total of 17 events (Figure 2.2b). The average depth of the earth

quakes studied in this area is 10.8 km. The distribution of slip vectors for the 

decollement type is similar to that in area 1 , with an average azimuth of 259°±18°
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and a plunge of 6 °±1 °.

The inversion also gives a best result with a* near-vertical (plunge of 82° ) 

and both ct2  < 73 are horizontal and exchangeable (R=0.9) (Figure 2.7b and Table

2.3). The average misfit is low (2.3°) compared to the average misfit of the entire 

set (6.0°) or in area 1 (4.5°) (Table 2.3). No inconsistent focal mechanisms have 

been found (maximum misfit for the preferred plane is 9.5°). The 95% confidence 

region is small (Figure 2.7b) and the R values (Figure 2.7b) are concentrated around 

values greater than 0.8. The fault planes selected by the method described above 

included 1 decollement plane and 1 vertical plane out of 2  cases in which a choice 

was possible.

5.4. Area 3

Area 3 presents different characteristics than the other regions. The average 

depth of the events is about 7.5 km, which is substantially shallower than the aver

age for areas 1 and 2. These depths are probably better constrained than the depths 

of the events located in regions 1 and 2, because area 3 is closer to the center of 

the seismograph network. The focal mechanisms are well constrained with many 

first motions, few inconsistencies, and good distribution on the focal sphere. Two 

types of focal mechanisms are recognizable: strike slip with normal faulting com

ponent (nine events) and decoiiement type (two events) (Figure 2.2c).

The inversion of the 11 events in area 3 gives an average misfit of 2.3° (Table

2.3) and the highest misfit for the preferred planes is 5.7°, which is an indication 

that this data set is homogeneous. On the other hand, the best result is poorly
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resolved because most of the earthquakes have similar mechanisms and the number 

of events used is small. Consequently, the 95% confidence region is very broad 

(Figure 2.7c). Most of the models within the 95% confidence region have R values 

around 0.6 (Figure 2.7c).

5.5. Area 1, depth ^  10 km

We investigated the depth dependency of the stress tensor within area 1 in 

order to see if we could improve the inversion result, because the average misfit 

was still high compared to the values for areas 2 and 3. We inverted separately the 

focal mechanism data of the earthquakes with depth greater than or equal to 1 0  km 

(23 events). The average misfit decreased slightly from 4.5 for area 1 to 4.0 (Table

2.3). The best fitting model, the R values, and the 95% confidence region stayed the 

same as for area 1 (Table 2.3 and Figure 2.6b). The same fault plane solution as in 

area 1 received a misfit of 25°. The program chose 3 vertical planes, 1 decollement 

plane, and 1 normal fault as fault planes. The limitation in the number of events 

available for inversion in area 1 prevented further investigation of spatial and depth 

dependency of the stress tensor.

6. STRAIN CALCULATION

The strain tensor was calculated (Table 2.4) for areas 1 and area 2 because the 

best results of the stress inversion are well resolved in these regions providing a 

way of comparing the principal stress and strain directions. We did not compare 

the strain and stress tensor in area 3 because of the lack of resolution of the stress
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tensor inversion in this region.

The directions of principal strain are the same in areas 1 and area 2 (Figure 

2.8 and Table 2.4). In both areas, the plunge of the greatest and least principal 

strain direction is close to 45° (Table 2.4) which is what we expect if most of the 

earthquakes are of decollement type on a horizontal plane. The 95% confidence 

ellipse of the strain tensor partially overlaps the 95% confidence range of the stress 

tensor in both areas (Figure 2.8), but the plunge of the best results of the stress 

inversion differs by about 30° in the average from the plunge of the principal strain 

directions.

7. DISCUSSION AND CONCLUSIONS

The first question is whether the stress tensor is homogeneous throughout the 

crust in the west part of Hawaii. To answer this question, we compared the results 

for the different regions according to the criteria we defined in the previous section. 

After subdividing the entire data set into three different subsets, the average misfits 

decreased substantially (Table 2.3). Furthermore the distribution of R values 

becomes simpler and more reasonable for the subdivided data sets, and the number 

of inconsistencies decreased. Consequently, we conclude that the stress tensor is 

not homogeneous in the west of Hawaii. It seems probable that the stress tensor is 

homogeneous within area 2 because of the low average misfit (2.3°) and the 

absence of inconsistencies. In area 1 it is more doubtful that the stress tensor is 

homogeneous because the average misfit is equal to 4.5°, twice that of area 2. This 

result could not be improved significantly by subdivision with respect to depth
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because the average misfit improved only by 0 .6 ° and the single inconsistency 

remained. This may be interpreted as suggesting that the assumption of homo

geneity may not be fulfilled. Unfortunately it was not possible to make more subdi

visions because not enough events were available.

The average misfits for areas 1, 2, and 3 are the same or smaller than the 4.5° 

misfits obtained for the Kaoiki area [Wyss et al., 1992, their Table 3]. In the 

Kaoiki area the fault plane solutions were better defined because the epicenters are 

located near the center of the seismograph network. Also, in the southeastern part 

of the Kaoiki area, the stress tensor in several spatial subsets had the same orienta

tion. Thus Wyss et al. [1992] argued that the stress orientations in the southeastern 

part of Kaoiki were homogeneous and that the average misfit of about 4.5° was 

linked to the uncertainties of the fault plane parameters, which was 5° in the aver

age. Comparing the Kaoiki results with the misfits of less than and equal to 4.5° in 

west Hawaii, we propose that the quality of stress inversions in west Hawaii is as 

good as that in Kaoiki. Therefore it is reasonable to assume that the stress direc

tions in the three areas of Figure 2.3 are homogeneous, because it was shown that 

in Kaoiki a homogeneous data set yielded the same average misfit.

The most homogeneous set of fault plane solutions is that of area 3, but 

because of this the stress orientations are poorly defined. Although we believe that 

the orientation of the stress tensor here is different than in areas 1  and 2 , this can

not be resolved at the 95% confidence level (Figure 2.7c).

The only region where we have a tight definition of the stress tensor direction
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is area 2 (Figure 2.7b). The greatest principal stress is almost vertical, and 0 2 and 

ct3  are horizontal and interchangeable because their magnitudes are similar (R >

0.6). The azimuth of the greatest principal stresses for the models within the 95% 

confidence region varies between 230° and 293° and their plunge between 53° and 

85° (Figure 2.7b). We interpret this orientation as being due to stress accumulated 

through forceful magma intrusion in the rift of Mauna Loa between latitudes 19.3°- 

19.4°N. If the fault plane is the decollement plane, it may be possible for the flank 

of Mauna Loa to slip over this plane under a near-vertical greatest principal stress if 

high pore pressure exists at the depth of the decollement plane. This possibility is 

plausible because Hawaii is an island and water may be trapped in the buried oce

anic sediment layer which forms the decollement plane. The San Andreas fault and 

the Calaveras fault are other examples of weak faults where the greatest principal 

stress is almost perpendicular to them [Zoback et al., 1987; Jones, 1988; Oppenhei- 

mer et al., 1988].

In area 1 it is more difficult to correlate the orientation of the stress tensor 

with the orientation of the southwest rift of Mauna Loa because the area is more 

distant and we are not completely sure if the stress tensor is invariant spatially 

within this area. The distribution of the greatest principal stresses within the 95% 

confidence region range from a north-south to an east-west orientation. The reason 

for the more southerly strike of Cj compared to that in area 2 , may be that, in area

1, magma intrusions in Hualalai could contribute to building up the stress field.

A choice of fault plane was possible in seven events in the separate inversions
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for areas 1 and 2. Of these, three decollements and four near-vertical planes were 

chosen as probable fault planes. The reason choices are difficult to make is that for 

both areas the best fitting stresses are nearly axially symmetric ( 0 2  = 0 3 ) and many 

B axes are coplanar with the equal principal stresses. Gephart [1985] showed that 

for axially symmetric stresses the choice between the two nodal planes is not possi

ble because the shear stress and slip directions will match on both nodal planes. 

The number of available data is too small in this study to accept the suggestion than 

both nodal planes may be active in separate earthquakes or to reject the hypothesis 

that the decollement plane is an important plane of weakness. We believe that one 

needs a large data set and an overwhelming majority, as in the Kaoiki area [Wyss et 

al., 1992], to be convinced that the method yields significant choices of fault planes. 

The current data set is thus not strong enough to allow identification of the pre

ferred fault plane.

The average slip vector in the decollement plane is almost horizontal and 

points toward the ocean away from Mauna Loa’s south rift zone at an angle of 

about 150° with respect to the NE-SW oriented rift. The orientation of the average 

slip vector indicates the average direction in which the west flank of Mauna Loa 

has moved during these earthquakes (Figure 2.1). It is also the most likely direction 

of slip because the flank of the volcano is free to move in this direction as there is 

no other edifice to stop it. Northwest of Mauna Loa the volcano Hualalai acts as a 

buttress. The earthquakes in area 1 and 2 are located at depth between 8  and 12 

km which correspond to the depth expected for the oceanic sediment layer [Hill and 

Zucca, 1987; Savage and Meyer, 1987; Thurber and Gripp, 1988; Thurber et al.,
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1989]. Because the depth estimates of the earthquakes are not very accurate, one 

may propose that the four kilometers interval in which they all occur is due entirely 

to errors; they may occur on a thin horizontal plane at a depth of 10±2 km. These 

observations support the model of a layer of oceanic sediment underlying the island 

of Hawaii, which provides a zone of weakness along which slip can occur in earth

quakes as proposed by many authors [Swanson et al., 1976; Nakamura, 1977; Furo- 

moto and Kovach, 1979; Ando, 1979; Nakamura, 1982; Endo, 1985; Hill and 

Zucca, 1987; Dieterich, 1988; Wyss and Kovach, 1988]. They are also in agree

ment with the results of Bryan and Johnson [1991], who carefully analyzed 14 

focal mechanisms of events located on the Mauna Loa West flank and proposed a 

similar tectonic model.

The comparison of the strain with the stress directions offers a way to discrim

inate between a tectonically isotropic crust and a crust with a zone of weakness 

[Wyss et al., 1992], In an isotropic crust, the directions of principal stresses are 

identical to the directions of principal strain. In the presence of a zone of weakness, 

the strain and stress directions may differ substantially because even small shear 

stress components resolved on a weak fault plane may induce slip on that plane, 

while the strain direction will be at 45° to the plane of weakness [Kostrov, 1974; 

Wyss et al., 1992], The difference of 30° in the plunge between the principal stress 

and strain directions suggests that in western Hawaii, sliding may occur on a weak 

horizontal plane at the base of the volcano Mauna Loa. However, this difference is 

not significant at the 95% confidence level.
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On the basis of these results, we cannot be certain that the focal mechanisms 

for the Kona earthquake of 1951 and any major earthquake which could happen in 

the west flank of Mauna Loa in the future, are decollement types. However, if the 

decollement plane is the fault plane, then we expect a strike of about 140° and a 

SW-NE dip of approximately 12° (Figure 2.9). This orientation of the fault plane 

was calculated by computing the average strike and dip of the decollement-type 

focal mechanisms for areas 1, and 2. The average slip on these decollement planes 

gave the pole of the auxiliary plane. We also calculated the predicted slip on the 

proposed fault plane for the stress tensor models within the 95% confidence region 

of area 2, because in this area we believe that the stress tensor is homogeneous. The 

predicted slip on the decollement plane is oriented between azimuths 277° and 228° 

with the upper crust moving in the direction away from the rift (Figure 2.9). 

Whether this proposed focal mechanism is correct has to be verified by inversion of 

the seismograms recorded for the 1951 mainshock.

One notices that the proposed decollement plane is dipping toward the west, 

while the dip of the zone of weakness made of oceanic sediments is oriented toward 

the east according to the refraction profile of Hill and Zucca [1987], This apparent 

discrepancy comes from the fact that for a nearly horizontal nodal plane, the dip 

will vary between west and east within the range of errors. If we apply an error of 

15° to the proposed fault plane solutions, we get a plane dipping eastward at about 

3° which is in accordance with the model of Hill and Zucca. This ambiguity is due 

to the fact that the first motions have takeoff angles near 90° which implies that a 

small change in this angle will make the plane dip either westward or eastward.
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West Hawaii has geomorphological and tectonic features similar to those in the 

Kalapana region in southeast Hawaii (Figure 2.1) [Nakata et al., 1990]. In both 

regions, normal faults are mapped at the surface, and traces of large landslides have 

been identified both on land and on the ocean floor (Figure 2.1) [Lipman, 1980; 

Lipman et al., 1988; Moore et al., 1989]. It is likely that the normal faults along the 

Kona coast become activated during major and large Kona earthquakes, as the Hil- 

ina faults did during the Kalapana 1975 earthquake [Tilling et al., 1976].

Along the southern and western coasts the focal mechanisms of earthquakes of 

magnitude 3.0 allow slip perpendicular to the coasts along decollement planes, 

and both regions have experienced earthquakes near magnitude 7. If the strain 

accumulation in the Kona area could be monitored by geodetic means, one would 

have the possibility to test our expectation that major earthquakes with fault plane 

characteristics as depicted in Figure 2.9, are to be expected along the Kona coast.
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Table 2.1. Velocity Models Used for Locating Earthquakes in West Hawaii.

Depth, km

----------------------------------------------------  Velocity

HG 50 Modified HG 50 [km/sec]

Layer 1 0 . 0 0 . 0 1.9

Layer 2 4.6 4.6 6.5

Layer 3 15.0 2 0 . 0 6.9

Mantle 16.5 21.5 8.3
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Table 2.2. Fault Plane Solutions for West Hawaii.

Date Latitude Longitude Q F Depth Mag Azl Dipl Az2 Dip2 Nsta Nine Score 

[deg] [deg) [km] [deg] [deg] [deg] [deg]

721221 19.468 -155.939 B 2 120 3.2 59.028 4.164 187.629 87.399 19 5 2.42

740113 19.486 -155.739 B 1 10.0 3.0 318.818 89.26! 59.028 4.162 28 4 2.76

740523 19.336 -155.742 B 1 11.0 3.5 120.973 4.164 310.514 85.893 22 5 1.06

741117 19.441 -155.844 B 1 11.0 3.6 78.687 10.938 271.745 79.339 34 8 2.22

750318 19.496 -155.651 B 1 8.0 3.0 124.226 68.839 357.408 32.859 26

750417 19.493 -155.648 C 2 7.0 3.1 59.028 4.164 249.654 85.907 25

750418 19.483 -155.697 C 1 10.0 3.3 73.309 80.318 281.315 10.937 28

750605 19.322 -155.799 C l  11.0 3.5 120.973 4.164 294.272 85.864 29

750620 19.498 -155.655 B 2 6.0 3.2 59.028 4.164 277.950 86.758 27

751010 19.494 -155.879 C 1 9.0 3.0 28.874 76.184 171.976 17.093 23

751108 19.297 -155.867 B 1 14.0 3.6 .000 37.118 210.400 56.865 32

751127 19.563 -155.952 C l  11.0 3.6 18.429 34.389 254.425 69.054 30

751209 19.345 -155.809 C l  11.0 3.0 62.095 73.655 251.399 16.551 26

760213 19.512 -155.929 C 1 10.0 3.5 170.000 20.000 350.000 70.000 24 4 2.50

760910 19.469 -155.861 A 1 10.0 3.0 105.648 58.072 281.167 32.007 29 3 1.24

770518 19.504 -155.827 C 1 10.0 3.3 75.575 85.020 193.033 10.701 33 6 4.90

770606 19.511 -155.934 C 2 11.0 3.0 130.631 70.224 284.875 21.763 3 2 7 3.50

2.62 

3.47 

3.35 

3.50 

2.41 

4 2.50

1 1 .00

12 2.67

4 1.96
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Date Latitude Longitude Q F Depth Mag Azl Dipl Az2 Dip2 Nsta Nine Score

[deg] [deg] [km] [deg] [deg] [deg] [deg]

770812 19.327 -155.798 C 1 12.0 3.4 120.973 4.164 331.983 86.429 31

770905 19.448 -155.727 B 2 9.0 3.0 139.096 76.423 303.037 14.107 29

780527 19.643 -156.025 C 1 10.0 3.0 86.353 72.232 276.846 18.051 21

780112 19.520 -155.925 C 1 10.0 3.0 359.779 83.442 120.973 12.514 30

781231 19.532 -155.699 A 2 10.0 3.0 29.046 7.357 231.062 83.174 28

790514 19.279 -155.786 B 2 9.0 3.5 59.028 4.164 177.445 88.016 26

790626 19.476 -155.867 B 1 10.0 3.4 9X644 47.840 267.117 42.293 26

790904 19.744 -156.014 C 1 9.0 3.2 7.715 84.992 120.973 12.513 28

790914 19.349 -155.821 A 1 1X0 3.9 109.806 19.058 345.835 79.074 37

790926 19.542 -155.923 A 1 11.0 3.2 209.047 7.357 341.363 85.032 23

791130 19.582 -155.991 B 2 11.0 3.1 147.710 79.809 261.047 24.408 24

800507 19.734 -155.746 C 2 13.0 3.4 144.473 18.509 277.487 77.136 36

800907 19.449 -155.819 A 1 10.0 3.0 171.401 7.963 305.609 84.429 29

801009 19.383 -155.825 A 1 13.0 3.3 353.942 73.751 144.473 18.509 30

801201 19.514 -155.920 A 1 12.0 3.4 161.572 11.310 314.754 79.880 34

801230 19.300 -155.777 C 2 10.0 3.9 180.000 86.000 0.000 4.000 43

810208 19.351 -155.850 A 2 11.0 3.0 208.494 86.445 109.481 21.631 22

810521 19.206 -155.696 B 2 7.0 3.5 44.990 15.192 308.490 88.239 32

7 3.91

8 2.45

9 1.50

8 5.29

3 1.03

4 1.89

3 1.99

4 2.00

2 1.29

2 1.00

1 .48

8 4.24

2.00 

.50 

.64 

1.86 

1.50

4 

1 

2

5 

2

11 1.89
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Date Latitude Longitude Q F Depth Mag Azl Dipl Az2 Dip2 Nsta Nine Score

[deg] [deg] [km] [deg] [deg] [deg] [deg]

810531 19.489 -155.773 B 1 10.0 3.2 94.871 89.270 186.839 20.366 23

811101 19.487 -155.880 B 1 11.0 3.1 348.000 70.000 168.000 20.000 26

830412 19.494 -155.667 A 1 7.0 3.7 95.414 72.985 358.456 68.403 35

830521 19.590 -155.699 B 1 7.0 3.1 96.846 18.051 328.051 78.460 23

830622 19.489 -155.863 C 1 11.0 3.3 161.617 11.351 331.512 78.821 32

830906 19.511 -155.657 A 1 8.0 3.3 123.887 56.146 19.789 70.044 39

830909 19.506 -155.661 A 1 6.0 3.1 99.481 80.050 358.747 43.285 26

830912 19.503 -155.664 C 1 8.0 3.3 120.973 51.930 10.495 65.931 32

830914 19.507 -155.658 A 1 8.0 3.7 120.973 66.062 350.471 34.354 45

830916 19.496 -155.650 A 1 8.0 4.1 130.059 56.746 21.444 64.043 47

830916 19.503 -155.653 A 1 8.0 4.0 132.017 60.468 20.967 57.625 45

830926 19.304 -155.758 B 1 11.0 3.0 15.736 86.662 120.973 12.513 36

831005 19.504 -155.658 A 1 7.0 3.2 123.090 46.474 355.805 57.472 31

840924 19.326 -155.888 A 1 11.0 4.2 83.155 18.051 344.914 87.325 45

850323 19.421 -155.828 A 1 11.0 2.9 161.572 11.310 306.351 80.721 36

850610 19.299 -155.796 C l  11.0 3.1 120.973 4.164 309.991 85.887 37

851010 19.314 -155.876 C l  11.0 3.4 78.687 10.938 287.191 80.362 45

851212 19.516 -155.908 B 1 120 4.0 198.430 11.310 345.982 80.420 45

4 1.50

3 1.00

1 1 .00

.74

2.50

1.50 

1 .00

.50 

2.07 

.50 

1 .00  

1.54 

1 .00  

.83 

4 1.56

1 .04

8 4.50

4  1.95

[
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Date Latitude Longitude Q F Depth Mag Azl Dipl Az2 Dip2 Nsta Nine Score

[deg] [deg] [km] [deg] [deg] [deg] [deg]

860828 19.537 -155.963 C 1 1Z0 3.1 198.430 11.310 309.063 85.969 24 2 1.00

861102 19.478 -155.883 A 1 13.0 2.7 114.257 15.718 276.556 74.992 18 1 1.00

870130 19.373 -155.799 A 1 10.0 2.9 358.709 74.864 166.613 15.463 31 2 .63

870303 19.456 -155.809 C 1 8.0 2.7 59.028 4.164 239.029 85.836 31 9 2.16

870403 19.532 -155.700 A 2 5.0 2.5 59.028 4.164 182.581 87.696 21 3 1.52

870404 19.350 -155.874 C 2 6.0 2.7 59.028 12.515 247.740 77.625 21 5 1.94

870918 19.314 -155.770 A 1 10.0 4.0 120.973 4.164 341.972 86.855 37 3 .50

871219 19.489 -155.818 B 1 9.0 2.5 341.300 83.898 180.001 6.440 18 2 1.00

Q is the quality factor assigned to each fault plane solution. F is the dip-slip com

ponent of fault motion: 1,normal; 2reverse; Azl, Dipl and Az2, Dip2 (in degrees) 

are the strikes and dips of the first and second nodal planes. Nsta is the number of 

first motions used in the determination of the fault plane solution. Nine is the 

number of inconsistent first motions. Score is defined in detail in the text. Latitude 

and longitude are in degrees and depth is in km.
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Table 2.3. Stress Tensor Directions for West Hawaii 
Derived from Fault Plane Solutions.

Data Set No of ° 1 0 2 ° 3 Ratio Average

Events PL AZ PL AZ PL AZ R misfit

[deg] [deg] [deg] [deg] [deg] [deg] [deg]

Entire data set 57 63 274 3 178 27 86 0.7 6.0

Area 1 29 83 312 2 203 7 113 0.9 4.5

Area 2 17 82 288 7 138 4 47 0.9 2.3

Area 3 11 48 359 3 92 42 185 0.7 2.3

Area 1* 23 83 316 3 203 6 113 0.9 4.0

PL, plunge; AZ, azimuth

*Depth ^ 10 km
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Table 2.4. Directions of Principal Strain for West Hawaii.

Number of El e 2 e 3 AM0

data PL AZ PL AZ PL AZ 1 0 2 0

[deg] [dyn cm]

Areal 29 56 244 5 341 33 75 2.9

38 42 2 8 8 34 50

Area2 17 50 259 7 160 39 65 7.1

36 42 6 52 42 34

Azimuth (AZ) and plunge (PL) of the principal strain directions are given with 

uncertainty underneath it corresponding to 2  times the standard deviation. AMq is 

the uncertainty of the scalar moment.
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Fig. 2.1. Map of the island of Hawaii identifying the volcano summits Hualalai, 
Kohala, Mauna Kea, Mauna Loa, and Kilauea. Rift zones are marked with 
connected double lines; SWRZ, southwest rift zone. The stars are epicenters 
of M>6.5 earthquakes mentioned. The lines with the ticks on downthrown 
side marks the landslides in the west and southeast of Hawaii. The thick 
arrows indicate the slip direction and the thin arrows, the range of directions 
for the horizontal greatest principal stress. The dotted lines divide the three 
subregions described in Figure 2.2.
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Fig. 2.2. Fault plane solutions for events (a) area 1, (b) area 2, and (c) area 3. 
Lower hemisphere projections with the compressive quadrants dark are used.
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LONGITUDE

Fig. 2.3. Map of epicenters of earthquakes used in this study (open circles). The 
numbers ( 1, 2, 3) refer to three areas for which separate inversions were cal
culated. The four events located outside of these three areas were not used. 
The triangles represent the seismograph stations of the HVO network.
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S L I P  V E C T O R  U N C E R T A I N T Y  
( D E G R E E S )

Fig. 2.4. Slip vector uncertainty of individual fault plane solutions. These values are 
obtained by measuring the range of angles which the slip vectors may occupy 
without introducing an additional violation of a first motion reading.
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2 1 /1 2 /7 2  
M=3.2 
H=12.0 KM

1 7 /1 1 /7 4  
M -3.6  
H=11.0 KM

2 4 /0 9 /8 4  
M=4.2 
H=11.0 KM

Fig. 2.5. Examples of focal mechanisms for different depths of the Moho. a) Origi
nal focal mechanisms computed from first motion data and takeoff angles as 
they are listed in the HVO catalog based on the model HG50 with the Moho 
at 16.5 km depth, b) Moho at 20.5 km. c) Moho at 21.5 km. d) Moho at 26.5 
km. Lower hemisphere projections. Solid and open circles mark compres
sions and dilatations, respectively. Triangles are P and T axes and slip vec
tors. Earthquake date, magnitude, and depth are listed on the left-hand side of 
the fault plane solutions.
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Fig. 2.6. Directions of principal stresses (stars) derived from fault plane solutions 
for west Hawaii. (Left) Distribution of P and T axes (crosses and squares, 
respectively) on the lower hemisphere stereographic projection. (Middle) 95% 
confidence region; the heavy contours represent the greatest and least principal 
stresses, and the dashed contour represents the intermediate principal stresses. 
(Right) Distribution of R values for the models within the 95% confidence 
limit, (a) For entire data, (b) for events in area 1 depth £ 10 km.
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Fig. 2.7. Directions of principal stresses for subregions of west Hawaii. Same plots 
as Figure 2.6 for (a) area 1, (b) area 2, and (c) area 3.
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Fig. 2.8. Stereographic projections of the principal stress and strain axes for areas 1 
and 2. The best fitting greatest, intermediate and least principal axes are 
labeled 1, 2, and 3 with bold and fine print for stress and strain, respectively. 
The heavy contours mark the directions of the greatest and least principal 
stress solutions which cannot be distinguished from the best solution at the 
95% confidence level. The light contours denote the 95% confidence range of 
the principal strain axes (light numbers). The 95% ranges for the intermediate 
strain and stress axes are not drawn.
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N

Fig. 2.9. Proposed focal mechanism for major Kona earthquakes. The plus is the P 
axis, the square is the T axis. The auxiliary plane is shown as a dashed line. 
The poles of the nodal planes are represented with a plus within a square. The 
diamonds represent the predicted slip vectors on the fault plane for the models 
within the 95% confidence region inverted from the data set of area 2.
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CHAPTER 3

INVERSION FOR SOURCE PARAMETERS FROM SPARSE DATA SETS: 

TEST OF THE METHOD AND APPLICATION TO THE 

1951 (M=6.9), KONA, HAWAH, EARTHQUAKE1

1. ABSTRACT

We have tested a method originally developed by Beisser et al. [1990] to 

invert teleseismic waveform data for the source parameters (strike, dip, rake and 

depth) of sparsely recorded earthquakes. The complete wave train of all body 

waves is modeled using the reflectivity method. The parameter space of strike, dip 

and rake is searched to find the source orientation which leads to the minimum 

misfit between the observed and the synthetic seismogram. The 1983 Kaoiki, 

Hawaii, earthquake (Ms =6 .6 ) was chosen as a test case. The inversion of the full 

data set (16 stations) gave a fault plane solution similar to the best double couple 

moment tensor solution of Harvard (HRVD) and NEIS. These three solutions were 

averaged to create a standard solution. Sparse data sets were simulated by decimat

ing the full data set and the resulting fault plane solutions were compared to the

i

Chapter 3 contains the complete text and figures of the manuscript, Inver
sion for source parameters from sparse data sets: test o f the method and appli
cation to the 1951 (M=6.9), Kona, Hawaii, earthquake, by M. Beisser, D. Gil
lard, and M. Wyss, as submitted to the Journal of Geophysical Research, 1992.
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standard. We found that as few as one to three stations were sufficient to retrieve 

the focal mechanism of the 1983 Kaoiki event. We applied this technique to the 

1951 Kona, Hawaii, earthquake (M$= 6.9). A total of 4 stations and 9 components 

were used to model the source parameters of this earthquake. The depth was 

estimated at 13±3 km. The fault plane solution was a decollement type with a 

near-horizontal plane dipping at about 15° to the south west and a near-vertical 

plane striking NW-SE. This observation supports a tectonic model for the Kona 

coast similar to that of Kilauea’s south flank: the upper crust is pushed away from 

the center of Hawaii slipping westward along a near-horizontal plane of weakness.

jr
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2. INTRODUCTION

The focal mechanisms of historical earthquakes can provide useful information 

about the tectonics of an area which has not experienced any recent major earth

quake. Commonly used methods to retrieve the source parameters of an earthquake 

require that the event was recorded by many stations covering well distributed 

azimuths. However, historical events in the magnitude range 6<M <H are often 

poorly recorded. In order to retrieve meaningful information from sparse records, 

Beisser et al. [1990] developed a method to invert teleseismic waveform data for 

the source parameters (strike, dip, rake, depth and scalar moment) from a single 

three component station. This method searches the complete parameter space of 

strike, dip and rake to find the source orientation, which leads to the best fit. The 

complete wave train of all body waves is modeled.

In this paper we use this method to model the 1951 (Ms = 6.9) Kona earthquake 

in Hawaii. The knowledge of its focal mechanism will help to elucidate the tecton

ics of the western part of the island of Hawaii. Since this method has not been 

tested sufficiently, we will first test it on the 1983 (Ms = 6 .6 ) Kaoiki earthquake. 

The fault plane solution for the 1983 Kaoiki event, as well as its location and depth, 

are well known and the event has been recorded digitally by networks around the 

world. We will show that as few as one to three stations can furnish enough con

straints to get unique reliable fault plane solutions, even if the azimuthal coverage is 

poor.

The island of Hawaii is probably deposited on an oceanic sediment layer

[ . . .
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which may act as a zone of weakness at a depth of about 11 km. Evidence for the 

presence of this layer comes from fault plane solutions [Crosson and Endo, 1981; 

Bryan and Johnson, 1991; Gillard et al., 1992], concentration of relocated earth

quakes at this particular depth [Savage and Meyer, 1987; Thurber and Gripp, 1988] 

and identification of seismic phases reflected off the top and bottom of this low 

velocity layer [Thurber et al., 1989], Stress accumulates by magmatic intrusions in 

the rift zones and is released by earthquakes occurring along the horizontal oceanic 

sediment layer underlying the edifice of the island [Dieterich, 1988], The slip is 

oriented seaward and almost perpendicular to the rift. This model has been pro

posed by several authors [Swanson et al., 1976; Furomoto and Kovach, 1979; Ando, 

1979; Endo, 1985; Lipman et al., 1985; Wyss and Kovach, 1988] to explain the 

occurrence of the 1975 (Ms=7.2) Kalapana earthquake. Based on focal mechanisms 

and other seismological and geodetic evidence, these authors show that the Kala

pana earthquake could be caused by the accumulation of strain energy via mag

matic intrusion in Kilauea volcano and its rift zone.

In the western part of Hawaii (Figure 3.1), this tectonic model could also be 

valid [Gillard et al., 1992], By determining the focal mechanisms of 57 small 

earthquakes (M^< 4.2 ) these authors found that the majority of earthquakes are of 

decollement type with one near-horizontal plane. The average slip direction on the 

decollement plane was oriented between azimuths 228° and 277° in a direction 

away from Mauna Loa’s south west rift zone (Figure 3.1). All earthquakes studied 

occurred at depths between 8  km and 12 km. Based on these results, and the 

assumption that the sediment layer also exists under western Hawaii, Gillard et al.
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[1992] proposed a decollement-type focal mechanism for the August 21, 1951 Ms = 

6.9 earthquake (strike=142°, dip=12°, rake=-108°). No source mechanism of this 

major earthquake has yet been determined to confirm this hypothesis.

The 1951 Kona event is the third strongest earthquake to occur in Hawaii in 

historic time (since 1832) [Wyjs1 and Koyanagi, 1992]. Because of the sparse 

seismic network at that time, only 25 world wide stations reported the directions of 

first motion to the International Seismological Summary. The location of the epi

center at latitude 19.5°N and longitude 155.9°W was estimated by MacDonald and 

Wentworth [1952] who also described the destructive effects of this earthquake. The 

magnitude of this event was M=6.9 [Gutenberg and Richter, 1954], Based on the 

ratio of body waves and surface waves at a single station (Pasadena), Eissler and 

Kanamori [1986] estimated the depth between 25-30 km. Macroseismic data are 

compatible with these estimates [Wyss and Koyanagi, 1992],

In order to test the hypothesis that the tectonic model for the Kalapana region 

is also correct for the western part of Hawaii, it is important to know the source 

mechanism of this major earthquake. The Kona earthquake was strong enough to 

be well recorded at several stations. For that reason, it is possible to use the 

waveform inversion method developed by Beisser et al. [1990] to determine the 

source mechanism and the depth of the Kona earthquake.

i
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3. METHOD

The method developed by Beisser et al. [1990] to retrieve the source parame

ters from one single station was modified to allow an arbitrary number of stations 

and components. The best fit of a data trace by a synthetic seismogram is found by 

a systematic grid search in the parameter space of strike, dip and rake. A synthetic 

seismogram is computed for every source orientation, using a five degree grid, and 

a correlation coefficient is obtained describing each fit. If the correlation is negative 

it is set equal to zero. This procedure creates a three dimensional correlation matrix 

for each component of the seismic record. It is also possible to compute the ratio 

of the maximum amplitudes of the components, if two or three components of one 

station are available. Thus we define another matrix that describes the misfit 

between the measured amplitude ratio and the computed one at every grid point. 

By multiplying the correlation matrices by the amplitude misfit matrix for a three or 

two component station, one finds the final matrix that defines the fit to the data as a 

function of the three fault parameters. The rake, strike and dip leading to the 

highest correlation value are retained as the solution. The quality of the solution 

can be estimated from the width of the peak in the parameter space. By visual 

inspection one can check the uniqueness of the solution. The computer codes of 

Beisser et al. [1990] were extended to combine the results of different three, two or 

one component stations by multiplying the matrices of each station.

The depth is found by modeling the P-wave group using a source orientation 

that matches the first onset, but is arbitrary otherwise. Because the depth controls

i .
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the duration of P-wave groups, the best matching depth can be found by visual 

comparison of the data with synthetics computed for different depths.

To compute synthetic seismograms we used the reflectivity method developed 

by Kind [1985] for P-SV and by Beisser and Kind [1988] for SH waves. The com

plete P-, SV- and SH-wave groups, including all depth and mantle phases like P, 

pP, PP, S, sS, SS etc. were computed. In order to rapidly get synthetics for different 

source orientations, we first computed the three so called fundamental seismograms. 

These are seismograms computed with the source orientations

Strike Dip Rake

1 st fundamental seismogram 0 ° 90° 0 °

2 nd fundamental seismogram 0 ° 0 ° 90°

3rd fundamental seismogram 0 ° 45° 0 °

respectively. It is well known that one can compute seismograms for any arbitrary 

orientation by linear combinations of these three fundamental seismograms [Ben- 

Menahem and Singh, 1981]. Using this approach we were able to correlate synthet

ics with the data for every source orientation using a five degree grid, within rea

sonable computing time.

The source is a dislocation point source with the time function proposed by 

Bruestle and Mueller [1983]. The rise time of the ramp function controls the fre

quency of the source signal. It equals approximately the rupture duration. The max

imum amplitude of the ramp function determines the amplitude level of the syn

thetic signal. We used the same crustal model for the receiver as for the source,
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because we did not know the crustal structure under the stations. The model HG50 

published by Klein [1981] was chosen as the velocity model in the source vicinity. 

This model has given good results for locating earthquakes and computing their 

focal mechanism in the southern and eastern part of Hawaii [Klein, 1981]. We 

found that the model HG50 produced synthetics that matched our data well enough 

in all cases. For depths greater than 40 km, we used the PREM model.

4. DATA

Two different data sets were used. For testing the reliability of the method, we 

used the digital long period data of the 1983 Kaoiki earthquake from the SRO, 

DWWSSN, and RSTN networks. These data are available on compact disks distri

buted by the National Earthquake Information Center (NEIC). For the 1983 Kaoiki 

event we used 16 stations with distances less than 81° (Table 3.1). The com

ponents were rotated into a ray coordinate system L, Q and T, the polarization 

directions of the P, SV and SH energy, respectively. The angle of rotation was 

measured from a plot of the particle motion of the S-phase. The same rotation angle 

was also used for the theoretical seismograms.

To determine the source orientation of the 1951 Kona earthquake, we gathered 

all available paper records. Four stations with good data quality were selected 

(Table 3.2): Tucson (TUC, 3 components), Arizona; Haviland (HAV, 3 com

ponents), California; Florissant (FLO, 2 components), Missouri; Matsushiro (MAT, 

one component), Japan. We digitized the analog paper records carefully and 

checked the quality of the result by overlaying the digitized data with the originals.
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The digitized data are shown in Figure 3.2.

5. TEST OF THE METHOD

The test earthquake occurred on November 16, 1983 at 16:13:11 in Kaoiki, 

Hawaii. It was well recorded locally by 38 stations and was located by the 

Hawaiian Volcano Observatory (HVO) at 19° 25.8’ N latitude and 155° 27.0’ W 

longitude with a depth of 11 km. The first motion analysis of the local data indi

cates a strike-slip focal mechanism (Figure 3.3c). The International Seismological 

Center (ISC) published the Harvard (HVRD) centroid moment tensor solution (Fig

ure 3.3a) and the NEIS moment tensor solution (Figure 3.3b) of this earthquake. 

The NEIS moment tensor solution is determined using the body wave moment ten

sor inversion method described by Sipkin [1982] and the Harvard solution is based 

on the inversion of long period body and mantle wave described by Dziewonski et 

al. [1981]. As a first task, we will compare our results to the ones produced by 

Harvard and NEIS. If our results are similar to the solutions computed by these 

standard methods, we will conclude that the method used in this paper successfully 

modeled the test earthquake. In the second task of the test, we will address the 

question whether the sparse data set, for the 1951 Kona earthquake, can adequately 

constrain the solution. To accomplish this task, we will consider the following three 

questions:

1. How sparse can the data set be and yet furnish a reliable unique estimate of

the source orientation?
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2. How good does the azimuthal coverage need to be to allow a unique estimate 

of the source orientation?

3. Are the data available for the 1951 Kona event sufficient to define a reliable 

unique estimate of the source orientation?

By simulating the station configuration (azimuthal coverage and available sta

tions and components) of the 1951 event with the data of the 1983 event, we will 

be able to test if the known source parameters of the 1983 Kaoiki earthquake are 

retrievable from sparse data, and we can then estimate the quality of solution that 

may be expected for the Kona case.

5.1. The rise time

The frequency content of the synthetics is determined by the rise time of the 

ramp function that we used as a dislocation point source. A rise time of 20 seconds 

was needed to fit the frequency content of the Kaoiki P-wave group. Because of the 

shallow depth and broad pulse width the depth phases are not distinct, thus the 

depth could not be estimated accurately by modeling the P-wave data. Any depths 

within the top 12 ± 7 km led to acceptable fits. Thus we used the hypocentral depth 

of 1 1  km calculated from the local arrivals.

5.2. Modeling of the data

In order to be able to correlate the synthetic and the observed signals, the 

traces must be aligned on the first P-onset. Since we are modeling simultaneously 

P and S body waves, the S-onset of the synthetic trace should be aligned automati
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cally with the S-onset of the observed trace, if the location of the earthquake and 

the velocity model used to compute the synthetic seismogram were perfectly 

correct. For the 1983 Kaoiki earthquake (test event), we found that the S-P time of 

the synthetics computed with the selected velocity model were between 3 and 15 

seconds shorter than the S-P time measured on the observed seismograms, indicat

ing that the P- to S-velocity ratio of the velocity model (HG50 + PREM) is not 

correct. We believe that the delay of the S arrival is mainly due to an unusually 

low S-velocity below Hawaii, and variations in travel time may also be due to the 

unknown crustal properties under each station. The delay of the S-P time does not 

correlate with epicentral distance or the azimuth of the stations. In order to align 

the P- and S-onsets we proceeded by first aligning the P-onset on the L- 

components. Then we increased the distance between source and receiver to align 

the S-onset on the T-components. We used the T-component because the S-wave 

package is better detected on the rotated transverse component (T-component) than 

on the Q- or L-components. The smallest epicentral distance increase was about 52 

km and the largest was 242 km (Table 3.1).

5.3. Inversion of the full data set for the 1983 Kaoiki earthquake

The next step was to compute correlation matrices for all components of all 

available seismic stations. Based on these we created for every station a single 

matrix by multiplying the matrices of the three components with the amplitude 

misfit matrix of this station. This procedure is demonstrated for the example of sta

tion MAJO in Figure 3.4 which shows the goodness of fit as a function of strike
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and rake for a dip fixed at 25°.

The solution with the highest correlation coefficient (best solution) is 

represented graphically by the highest peak which has to be, according to our 

experience, at least 2 0 % higher than the peak of any other solution to be considered 

unique. In the majority of cases, this difference is higher. The quality of the best 

solution is judged visually by the width of the peak. A very broad peak means that 

the strike, dip and rake can vary over a large range and produce the same fit to the 

data. The solution of the inversion of the full data set is obtained by multiplying the 

correlation matrices of each station together.

5.4. The standard solution for the Kaoiki test case

For judging how well we can constrain the focal mechanism from sparse data 

sets of the Kaoiki earthquake we need a standard, i.e. the best estimate. The 

difference between the local and teleseismic data (Figures 3.3a, b, c) will be dis

cussed later, because it is not relevant to setting the standard for the "correct" 

teleseismic result. We will use the average of the HRVD and NEIS solutions as the 

best estimate, independent of our work, for the teleseismic fault plane solution

NP1: 38° /  87° / 120° ( 1 )

Our solution using 16 stations yielded

NP1: 34° / 97° / 109° (2)

The comparison of our solution (Figure 3.3d) with the HVRD and NEIS solutions
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(Figures 3.3a and b) show close agreement. All parameters are within about 11° or 

less from the average given in (1 ), except for the strike of the near-horizontal plane, 

which is a meaningless parameter, because the smallest change in orientation can 

cause great changes in strike for this geometry.

We conclude that the inversion of fault parameters using the method of Beisser 

et al. [1990] yields correct results within about 10°, when a data set with an ample 

number of stations and good azimuthal coverage is used. We do not know whether 

any of the three teleseismic solutions (Figures 3.3a, b and d) is superior to the oth

ers, thus we shall weigh them equally and use their average as the best estimate of 

the "correct" teleseismic result (including our work) against which we will judge the 

results from sparse data sets. The standard for teleseismic results therefore is the 

average of the three teleseismic solutions (Figures 3.3a, b and d)

NP1: 37°/90°/116° (3)

5.5. Inversion from single station records

We applied our technique to each available station individually and compared 

the resulting best fitting solutions with the standard solution (number 3). We found 

that 5 out of the 16 available stations (LON, COL, RSNY, GAC, CTAO) presented 

a unique solution similar to the standard (Table 3.3). Station AFI also had a max

imum correlation for a source mechanism similar to the standard, but the broadness 

of the peak was too large to consider this solution as being unique. The average of 

the 5 unique solutions for the strike, dip and rake of the first nodal plane (NP1) is
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28°, 89°, and 107°, respectively, with a standard deviation of 7°, 5° and 6 ° for 

strike, dip and rake, respectively. The remaining stations had more than one max

imum with correlation values within 20% of each other. For that reason, these 

results were called non-unique. Nevertheless, one of the maxima for each of the 

station with non unique solutions, corresponded to source parameters similar to the 

standard solution. Thus we find that all single stations with unique solutions gave 

reliable solutions with fault parameters within about 1 0 ° from the standard.

5.6. Inversion from sparse multi-station data sets

Next we investigated the capability of sparse multi-station data sets to confine 

the results and approximate the standard solution. To accomplish this task, we 

decimated the data set in order to simulate the sparsity. We first tried to determine 

if a poor azimuthal coverage would affect the results. We combined groups of three 

stations with similar azimuths and take-off angles (Figure 3.5a and Table 3.4) and 

found that all of these combinations produce results which are similar to each other 

and agree with the standard solution. These solutions are all unique and the aver

age strike, dip and rake for the first nodal plane (NP1) is 31°, 94°, and 115°, 

respectively, with standard deviations 6 °, 6 ° and 9°. This result indicates that, even 

with a very poor azimuthal coverage, it is still possible to retrieve the final solution 

uniquely with a reasonable uncertainty.

In order to extend the test to any arbitrary combinations of three stations, we 

decimated the data set into 15 arbitrary combinations of three stations. We found 

very consistent results agreeing with the standard solution (Table 3.5). Each three
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station combination gave a unique solution. The average for the strike, dip and rake 

was 212°, 84° and -107° respectively and the standard deviation for each of these 

parameters was 8 °, 4° and 11°, respectively (Table 3.5).

The last test we conducted, was to simulate the station configuration of the 

1951 Kona event, in terms of azimuthal coverage, source-receiver distance and avai

lability of station components. The purpose was to determine, in advance, if the sta

tion combination for the 1951 event was sufficient for deriving a reliable solution. 

Unfortunately, only one station (Matsushiro) was working at the time of both earth

quakes but with different instruments (MAJO is the station code of the Matsushiro 

station for the 1983 event and MAT is the one for the 1951 event). Nevertheless 

the stations marked with a star in Figure 3.5a are distributed in a similar fashion as 

the 1951 station distribution. Only the vertical component of MAT existed for the 

1951 event. Therefore, for the 1983 test case, we used the vertical component of 

MAJO and computed source solutions with any combination of stations RSNY, 

ANMO, and RSSD (Table 3.6) to simulate the data set of the 1951 Kona earth

quake. This test, approximating the station coverage of 1951, gives a result very 

similar to the standard source mechanism. The combination of the vertical com

ponent of MAJO with only one other station situated in a different quadrant of the 

focal sphere also gives unique solutions similar to the best solution (Table 3.6), but 

the standard deviation is slightly larger. In the case of combining the vertical com

ponent of MAJO with any pair of the other stations, the resulting mechanism is 

unique and similar to the "correct" solution (number 3 and Table 3.6).
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5.7. Discussion of the test

We showed that for any decimated data set with three, 3-component stations, 

we can still obtain a unique, stable and reliable solution (Table 3.5). Even if the 

azimuthal coverage of the stations is poor, the best fitting focal mechanism can still 

be retrieved (Table 3.4 and Figure 3.5a). This is an important result because often 

historical events are not well recorded and the data present large azimuthal gaps. 

This problem exists for the 1951 Kona earthquake which was recorded by three sta

tions with approximately the same azimuth and take-off angle (FLO, HAV, TUC) 

and one station with only one component (MAT) located in a different quadrant on 

the focal sphere (Figure 3.5b). The station distribution of the data we used for the 

1951 Kona earthquake was simulated as close as possible with some stations of the 

1983 event. The results show that if one uses the vertical component of MAT and 

two other three component stations, one should be able to calculate a unique reli

able source mechanism (Table 3.6 and Figure 3.5a). For the Kona event, we possess 

two 3-component stations (HAV, TUC) and one 2-component station (FLO) in 

addition to the vertical component of MAT. These data are all of good quality (Fig

ure 3.2). Therefore we feel confident that this historical event can be modeled suc

cessfully.

The results of the test demonstrate that the data set can be very sparse and still 

furnish a reliable solution. With any luck, one could obtain a good result from only 

a single 3-component station since for 5 out of 16 stations analyzed individually we 

obtained a unique solution similar to the final best solution (Table 3.3). The Simula

v
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tion of the station distribution of the 1951 Kona earthquake showed that by just 

combining one three component station with only one component of another station 

(Table 3.6), one can reproduce the standard solution of the 1983 event uniquely. 

Stations ANMO and RSSD, when analyzed as single stations, did not provide a 

unique solution (Table 3.3), but their combination with only one component of 

MAT (Table 3.6) was enough to add the necessary constraint to obtain the "correct" 

solution. Consequently, it seems that the data set can be sparser than three 3- 

component stations and still allow successful recovery of the fault plane solution. 

Therefore, we conclude that we can determine the focal mechanism of an earth

quake of magnitude between 6  and 7, in Hawaii, in a reliable manner using only 

one to three stations.

6. THE 1951 KONA EARTHQUAKE

For the 1951 Kona earthquake we digitized the data of four stations with a 

total of 9 components (Table 3.2) (Figure 3.2). The azimuthal coverage is poor with 

three stations at similar azimuths and take-off angles in the N-E quadrant of the 

focal sphere. Also the only station mapped in a different quadrant (N-W quadrant) 

(Figure 3.5b) has only a vertical component. Nevertheless we have shown above 

that it is still possible to obtain a unique source solution even with such a sparse 

data set.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

6.1. The depth and rise time

For the Kona event, we found that with a rise time of 4 seconds, the resulting 

synthetic P-wavelet has the pulse width of the observed seismogram. Because of 

the narrow P-wave pulse, we were able to estimate the depth of this event. In Fig

ure 3.6, synthetic signals computed for the depths of 5 km, 11 km, 15 km, 20 km 

and 25 km are compared to the data of Matsushiro. The choice of depths between 

11 km and 15 km lead to the best matches (Figure 3.6). Because of the trade off 

between depth and rise time, the depth of 13 km that we propose for the 1951 Kona 

event, is not known better than ± 2.5 km. We already had computed the fundamen

tal seismograms for a depth of 11 km and epicentral distances from 0 to 15000 km. 

To save computer time, we reused them to compute the synthetic signals necessary 

to retrieve the source orientation of the 1951 Kona earthquake. The result would 

not be significantly different if we had chosen a depth of 13 km for the computation 

of the synthetic signals.

Eissler and Kanamori [1986] proposed a depth of 20-25 km for the 1951 Kona 

earthquake, calculated from the ratio of body and surface waves amplitudes at the 

Pasadena station (PAS). We believe from our results that this event was shallower.

6.2. Inversion of the full data set for the 1951 Kona earthquake

The best result for the 1951 Kona earthquake is obtained by modeling all 

available components for stations MAT, TUC, FLO, and HAV. The resulting focal 

mechanism is a low-angle normal fault (Figure 3.5b and Table 3.7) or decollement 

type (dip between 0 and 30°) with a near-vertical auxiliary plane
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NP1 : 316° / 78° /  -81° (4)

The degree to which the solution is constrained can be seen by plotting the correla

tion matrix (Figure 3.7). There are two and only two maxima which occur at dip 

15° and 80°, thus the best solution is unique. These maxima represent two nodal 

planes perpendicular to each other as expected from the double couple model of 

earthquake sources. One sees clearly that the fits are poor at dips between 35° and 

70°. The nodal plane corresponding to the maximum at dip 80° is represented by a 

narrow peak with one side peak close to the maximum in the strike-rake space. This 

is an indication that the almost vertically dipping nodal plane is well constrained 

(Figure 3.7). Although the shallow dipping auxiliary plane is clearly represented by 

a unique maximum, many side peaks are mapped diagonally in the strike-rake space 

(Figure 3.7) indicating that this plane is less well constrained. This means that, for a 

shallow dipping nodal plane, changes in the strike do not change the waveform 

significantly.

The match of the data with the synthetic signals computed with the source 

orientation from Figure 3.5b is shown in Figure 3.8. The fit of the P-and S-waves 

look very good to the eyes in all cases. This is a requirement to check if the final 

focal mechanism is reasonable. Even PP is well match for TUC and FLO (Figure 

3.8). For station HAV, the PP phase in the synthetics is too late and the observed 

one is more complicated than the synthetic (Figure 3.8). The lack of S energy in 

all components of the observed seismograms of HAV could not be modeled with 

the synthetics (Figure 3.8). The amplitude ratios between the components of the
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same station (FLO, TUC) (Figure 3.8) agree very well with the data except for 

HAV (Figure 3.8). The amplitude ratios for the different arrivals in every seismo

gram fits also very well. In all traces, there is more energy arriving after the first 

S-arrival of the data than in the synthetics. This is probably due to conversion 

within the crust at the receiver sites.

6.3. Inversion from decimated data sets

We decimated the 1951 Kona data set in order to investigate the stability of 

the final solution. "Stable" means that the solution does not depend on how the sta

tions are combined. The inversion of the source parameters was attempted using six 

possible combinations of two stations (Table 3.7). One of them (HAV + TUC) 

showed no clear maximum in the correlation matrix. Two of them did not have any 

unique solution, but showed two distinctive maxima. In the case of MAT+FLO 

these maxima represent almost the same mechanism as the best solution (4) with 

slightly different dip of the horizontal nodal plane. The combination of HAV+FLO 

presents two different solutions. One is a low-angle thrust mechanism, which is 

consistent with (4) and the second one is a strike-slip mechanism. The latter is not 

acceptable because it locates MAT on a nodal plane, which is certainly not correct 

according to the data.

Out of four combinations of three stations, three present unique solutions 

(decollement type) similar to the best solution (number 4, Table 3.7 and Figure 

3.5b). The combination MAT+TUC+HAV allows two mechanisms (Table 3.7) that 

are also consistent with the result obtained for the combination of all four stations.
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The two highest peaks are about 30° apart along the rake. For that reason, this solu

tion was considered non-unique.

Regardless of which station combination we use, all combinations furnish a 

decollement type of focal mechanism with a slip in the SW direction. This is even 

true if the result is not unique but has two maxima. Only for one station combina

tion was no determination of the source mechanism possible.

7. DISCUSSION AND CONCLUSION

We have successfully modeled the waveforms of the 1951, M=6.9, Kona 

earthquake in Hawaii and found that its focal mechanism is a decollement type with 

one of the nodal planes dipping at about 15° to the south-west and with a strike 

oriented at about 99°. This result is a confirmation of the fault plane solution pro

posed by Gillard et al. [1992] for the 1951, Kona earthquake (strike=142°, dip=12°, 

rake=-108°) based on averaging decollement-type focal mechanisms of local earth

quakes in western Hawaii.

This study presents a new piece of evidence of the tectonic similarity between 

West Hawaii and the Kalapana region. The fault plane solution of the 1975 Kala

pana (M5  =7.2) earthquake is a decollement type [Ando, 1979] and the local seismi

city on the south flank of Kilauea is also characterized by earthquakes with 

decollement-type focal mechanisms [Bryan and Johnson, 1991], Normal faults 

mapped at the surface are present in both regions and landslides have been 

identified both on land and on the sea floor (Figure 3.1) [Lipman, 1980; Lipman et 

al., 1988; Moore et al., 1989]. We conclude that the tectonic model proposed by
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Gillard et al. [1992] is a valid model to explain the occurrence of tectonic earth

quakes on the west flank of Mauna Loa volcano. This model states that accumu

lated stress is released along a zone of weakness, which consists perhaps of a layer 

of oceanic sediment buried underneath the edifice of the volcano at a depth of about 

11 km. The stress is probably accumulated through repeated magmatic intrusion 

into the rift zone of Mauna Loa. A similar model was proposed by many authors 

[Swanson et al., 1976; Nakamura, 1977; Furomoto and Kovach, 1979; Ando, 1979; 

Nakamura, 1982; Endo, 1985; Lipman et al., 1985; Dieterich, 1988; Wyss and 

Kovach, 1988] to explain the 1975, Kalapana earthquake.

The 1983 Kaoiki earthquake has interesting particularities. First, the source 

mechanisms obtained from moment tensor solutions of long period data (HRVD, 

NEIS Figure 3.3a, b) and the one computed for this study as a test case (Figure 

3.3d) are all consistent with each other and show a decollement type. The fault 

plane solution computed from the analysis of local P-wave first motion is a strike- 

slip type (Figure 3.3c). Furthermore this earthquake produced en echelon ground 

cracks extending for several kilometers within the Kaoiki seismic zone comparable 

to the ones produced by the 1974 Kaoiki earthquake (ML=5.5) [Jackson and Endo, 

1989] and consistent with strike-slip motion on a near-vertical fault plane. While 

the aftershocks of the 1974 event mapped out the near-vertical fault oriented NE- 

SW [Endo, 1985], the aftershocks of the 1983 event mapped out an horizontal area 

located at a depth of about 11 km [Endo, 1985; Wyss et al., 1992], These facts sug

gest that the 1983 Kaoiki mainshock was probably a complex event which was trig

gered first on a vertical plane with a strike-slip mechanism but that most of the
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energy was released by one or many other events on the decollement plane. A 

complete and detailed model to quantitatively describe this event has not been con

structed yet.

We have shown that our method of inversion of source parameters from sparse 

data sets works reasonably well. The results from the test, suggest that as few as 

one to three stations are sufficient to model the Kaoiki and Kona earthquakes.
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Table 3.1. Stations Used for Inversion of the Source Parameters 
of the 1983 Kaoiki Earthquake.

Station Instrument Distance

[km]

Distance used 

[km]

Difference

[km]

Azimuth

[deg]

AFI DWWSSN 4099 4205 106 207

LON DWWSSN 4292 4380 8 8 38

COL DWWSSN 5074 5135 61 5

SCP DWWSSN 7571 7650 79 53

GDH DWWSSN 8452 8670 218 2 1

RSSD RSTN 5458 5520 62 48

RSNT RSTN 5698 5795 97 23

RSON RSTN 6368 6420 52 42

RSNY RSTN 7799 7910 1 1 1 49

ANMO SRO 5076 5210 134 60

SNZO SRO 7393 7635 242 204

GAC SRO 7699 7875 176 47

CTAO SRO 7708 7875 167 237

TATO SRO 8438 8670 232 292

BOCO SRO 8917 9150 233 89
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Table 3.2. Stations Used for the Modeling of the 1951 Kona Earthquake.

Station Instrument/Component Distance

[km]

Distance used 

[km]

Difference

[km]

Azimuth

[deg]

FLO GALTTZIN/NS EW 6577 6610 33 56

HAV GALITZIN/Z NS EW 4064 4050 -14 56

MAT GALITZIN/Z 6603 6760 157 302

TUC BENIOFF/Z WA/NS EW 4699 4810 1 1 1 63

WA=Wood- Anderson
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Table 3.3. Fault Plane Solutions of the 1983 Kaoiki Earthquake
Obtained by Modeling Individual Stations.

Station Instrument Solution Strike Dip Rake

Quality [deg] [deg] [deg]

AFI DWWSSN broad 205 80 -105

LON DWWSSN unique 2 0 0 85 - 1 0 0

COL DWWSSN unique 25 85 115

SCP DWWSSN not unique

GDH DWWSSN not unique

RSSD RSTN not unique

RSNT RSTN not unique

RSON RSTN not unique

RSNY RSTN unique 35 85 105

ANMO SRO not unique

MAJO SRO not unique

SNZO SRO not unique

GAC SRO unique 35 85 1 1 0

CTAO SRO unique 205 85 -105

TATO SRO not unique

BOCO SRO not unique
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Table 3.4. Fault Plane Solutions of the 1983 Kaoiki Earthquake
for Combination of Stations with Similar Azimuth.

Station Combinations Fault Plane

1 2 3 Strike

[deg]

Dip

[deg]

Rake

[deg]

Single MAJO TATO COL 205 95 -115

Quadrant CTAO AH SNZO 205 85 -105

Combinations GDH RSNT RSON 214 83 -109

SCP ANMO BOCO 2 2 0 80 -130

Average 2 1 1 8 6 -115

Std. deviation 6 6 9
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Table 3.5. Fault Plane Solutions of the 1983 Kaoiki Earthquake
for 15 Arbitrary Three Station Combinations.

Station Fault Plane I Fault Plane II

Combinations Strike I Dip I Rake I Strike II Dip II Rake II

[deg] [deg] [deg] [deg] [deg] [deg]

AFI LON COL 70 14 -45 205 80 - 1 0 0

ANMO RSSD RSNT 1 0 0 15 -30 219 83 -103

RSON SNZO SCP 105 2 0 -25 217 83 -108

GAC CTAO RSNY 97 16 -19 205 85 -105

TATO GDH BOCO 125 35 - 2 0 232 79 -123

COL GDH RSNT 105 5 -15 2 0 0 90 -95

LON RSON GAC 83 1 1 -27 2 0 0 85 - 1 0 0

RSSD RSNY SCP 125 1 0 0 215 90 - 1 0 0

ANMO BOCO SNZO 113 41 -15 215 80 -130

AFI CTAO TATO 97 16 -19 205 85 -105

RSON COL RSSD 35 5 -90 215 85 -90

SCP LON RSNT 85 25 -35 207 76 - 1 1 1

AFI RSNY ANMO 1 1 2 2 1 -14 215 85 - 1 1 0

CTAO GAC GDH 97 16 -19 205 85 -105

TATO BOCO SNZO 123 35 -9 2 2 0 85 -125

Average 2 1 2 84 -107

Std. deviation 8 4 1 1
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Table 3.6. Fault Plane Solutions of the 1983 Kaoiki Earthquake
for Station Combinations Simulating the 1951 Kona Earthquake.

Station Combinations Fault Plane I Fault Plane II

1 2 3 4 Strike Dip Rake Strike Dip Rake

[deg] [deg] [deg] [deg] [deg] [deg]

MAT-P RSNY 143 16 19 215 95 -105

MAT-P ANMO 125 50 -20 228 74 -138

MAT-P RSSD 102 35 -9 220 85 -125

MAT-P RSNY ANMO 143 16 19 215 95 -105

MAT-P RSNY RSSD 131 10 6 215 90 -100

MAT-P ANMO RSSD 125 40 15 203 100 -129

MAT-P RSNY ANMO RSSD 113 5 -11 215 90 -95

Average 216 90 -114

Std. deviation 9 7 14

"MAT-P" stands for the vertical component of MAJO.
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Table 3.7. Fault Plane Solutions of the 1951 Kona Earthquake
for Different Station Combinations.

Station Combinations Solution Fault Plane I Fault Plane II

1 2  3 4 Quality Note Strike Dip Rake Strike Dip Rake

[Deg] [Deg] [Deg] [Deg] [Deg] [Deg]

Max. 1 MAT FLO not unique two Maxima 50 5 -180 320 90 -85

Max. 2 135 15 -90 315 75 -90

Max. 1 MAT TUC HAV not unique two Maxima 63 16 -161 315 85 -75

Max. 2 207 16 -19 315 85 -105

Max. 1 HAV FLO not unique two Maxima 135 15 -90 315 75 -90

Max. 2 194 67 22 275 110 -155

HAV TUC not unique no Maxima 0 0 0

FLO TUC unique 100 18 -123 315 75 -80

MAT HAV unique 189 11 -27 305 85 -100

MAT TUC unique 63 16 -161 315 85 -75

MAT TUC FLO unique 89 21 -134 315 75 -75

MAT HAV FLO unique 135 15 -90 315 75 -90

FLO TUC HAV unique 89 21 -134 315 75 -75

MAT TUC FLO HAV unique 100 15 -125 316 78 -81

Average 314 78 -82

Deviation 4 4 9
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Fig. 3.1. Map of the island of Hawaii identifying the volcano summits Hualalai, 
Kohala, Mauna Kea, Mauna Loa, and Kilauea. Rift zones are marked with 
connected double lines; SWRZ, southwest rift zone. The stars are epicenters 
of M>6.5 earthquakes mentioned. The lines with the ticks on downthrown 
side marks the landslides west and southeast of Hawaii.
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EVENT 5/21/1951

TIME IN SEC

Fig. 3.2. Digitized seismograms of the 1951 Kona earthquake.
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HRVD
N

NP1: 130.0/ 25.0 / 5.0 
NP2: 35 .5 / 87.9/114.9

a

NEIS
N

NP1: 137.0/ 35 .0 / 8.0 
NP2: 40 .4 / 85.4 /124.7

b

LOCAL DATA
N

NP1: 235.0/ 84.0 /-148.0 
NP2: 141.3/ 58.2 / -7.1

c

ALL STATIONS
N

NP1: 105.0/ 20.0 /-20.0  
NP2: 213.9/ 83 .3 /-108.9

d

Fig. 3.3. Fault plane solutions of the 1983 Kaoiki earthquake: a) solution obtained 
by the Harvard (HRVD) centroid moment tensor inversion method, b) solution 
obtained by the USGS (NEIS) moment tensor inversion method, c) solution 
computed from first motions of local data, d) solution obtained from the inver
sion of the full data set using our method. + indicates an upward motion and - 
a downward motion on a lower hemisphere stereographic projection.
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L component Q component

T component L«Q»T

Fig. 3.4. Correlation matrices for L, Q, and T component of station MAJO. Multi
plication of L*Q*T shows where the observed and the synthetic signals match 
for all three components at the same time. MOM shows where the amplitude 
ratio between the synthetic and the observed traces matches. L*Q*T*MOM is 
the final correlation matrix. The dip is fixed at 25°.
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Kaoiki 1983 Kona 1951

NP1: 105.0/ 20.0/ -20.0 
NP2: 213.9/ 83.3/-108.9

a

N

NP1: 99.0/ 15.0/-126.0 
NP2: 315.9/ 77.9/-81.0

b

Fig. 3.5. a) Lower hemisphere stereographic projection showing the azimuthal dis
tribution of stations for the 1983 Kaoiki earthquake, with the direction of first 
motions (+=up, -=down) and the nodal planes obtained from the modeling of 
all 16 stations. The stations marked with a star are the stations used to simu
late the station configuration of the 1951 Kona event, b) Best fault plane solu
tion for the 1951 Kona earthquake determined by modeling the seismograms 
of the stations FLO, HAV, MAT, TUC. + indicates an upward motion and - a 
downward motion.
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TIME IN SEC

Fig. 3.6. Comparison of the observed P-wave train with the synthetics computed 
for different source depths at station MAT (vertical component).
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70 ° 80 ° 90 °

Fig. 3.7. Correlation matrices for the 1951 Kona earthquake. This is the result of the multiplication of 
all correlation matrices of all components of all stations HAV, TUC, FLO, MAT. The grid spac
ing is equal to 5° along the strike, dip, and rake. Not all dips are shown.
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EVENT 5/21/1951 Station Tucson EVENT 5/21/1951 Station Matsushiro

Fig. 3.8. Match of the data and synthetics computed with the source orientation of 
Figure 3.5b for station HAV, TUC, FLO, and MAT. Note that the instrument 
type which recorded the vertical component of the seismogram for station Tuc
son (TUC) is not the same as the one which recorded the horizontal com
ponents.
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CHAPTER 4

STRESS TENSOR ORIENTATIONS EM 

THE SOUTH FLANK OF KILAUEA, HAWAII,

ESTIMATED FROM FAULT PLANE SOLUTIONS1

1. ABSTRACT

Fault plane solutions of 863 earthquakes with magnitudes 2.5 which 

occurred between 1972 and 1992 in the south flank of the Kilauea volcano in 

Hawaii were determined using P-wave first motion polarities. More than 90% of 

these earthquakes are located south of the Kilauea east rift zone between longitude 

154° 58’ W and 155° 16’ W and at a depth of about 10 km. The dominant focal 

mechanisms (53%) are decollement type with one nodal plane nearly horizontal 

(dip^20°). Reverse faults and normal faults compose the rest of the fault plane solu

tions with 29% and 18%, respectively. The types of fault plane solutions vary as a 

function of time and space. The normal faults occur mainly during the aftershock 

period of the 1975, Ms =7.2, Kalapana earthquake, while none were observed before 

it. The number of reverse faults is high before 1975 and drops significantly after

i
Chapter 4 contains the complete text and figures of the manuscript, Stress 

tensor orientations in the south flank of Kilauea, Hawaii, estimated from fault 
plane solutions by D. Gillard, M. Wyss, and P. Okubo, as submitted to the 
Journal o f Geophysical Research, 1993.
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1983. The decollement-type focal mechanisms are always present with a significant 

increase in number after 1983. Inverting for stress orientations for different subvo

lumes and periods, we found that in general the greatest principal stress is oriented 

approximately SE but the plunge changes as a function of time and space between 

0° and 64°. A temporal change of a j of about 20° in azimuth and 45° in plunge 

significant at the 95% confidence level occurred after 1979 in a volume east of 

longitude 155° 10’ W. This change in stress orientation is interpreted as a response 

to the build up of stress due to magma intrusions in the southeast rift zone of 

Kilauea. The orientation of the strain released by the earthquakes with M<7 was 

calculated for the different subvolumes in the south flank. Overall the greatest prin

cipal strain is oriented SE. The dip of the strain varies from 0° to 45° as a function 

of space suggesting that the strain is released either on reverse faults or on the 

decollements but is stable as a function of time. Significant differences up to 40° 

between stress and strain as a function of time exist which may indicate that the 

strength of the crust is not homogeneous in the south flank. Most large earthquakes 

with magnitude M<7, slip on reverse faults striking NE at 40° and dipping SE 

between 60° and 70°, whereas the earthquakes with M>7 rupture the decollement 

plane since it is the only surface large enough to generate magnitude 7 or larger 

earthquakes.
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2. INTRODUCTION

The south flank of Kilauea volcano is the most seismically active area in 

Hawaii. It is characterized by two types of earthquakes, volcanic and tectonic [Klein 

et al., 1987]. The volcanic earthquakes are located near the summit and along the 

southwest and east rift zones at depths between 0 km and 5 km and are associated 

with the opening of cracks by magmatic intrusions [Klein et al., 1987]. The tec

tonic earthquakes occur at depths between 5 and 14 km and at distances of several 

kilometers to several tens of kilometers from the volcanic earthquake activity [Klein 

et al., 1987], The tectonic earthquakes occur in response to the stress exerted on the 

crust by magmatic intrusions. Evidence for this interpretation comes from geodetic 

measurements which show that the crust surrounding the volcano summit and the 

rift zones is compressed during intrusions [Swanson et al., 1976; Dvorak et al., 

1983, 1986; Dzurisin et al., 1984]. Also, intrusions are often followed by an 

increase in seismicity in some crustal volume of the south flank at distances of 1 0  

km from the rift zone [Dvorak et al., 1986]. This seismicity decays with the same 

characteristics as an aftershock sequence [Dvorak and Tanigawa, 1985; Wyss and 

Kisslinger, 1989].

The largest of these tectonic earthquakes ruptured a 40 km long segment of the 

south flank of Kilauea on November 29, 1975, and had a magnitude of Ms =1.2. On 

the basis of geodetic measurements, it was shown that the strain which accumulated 

in the source volume for over 70 years was released in the earthquakes in agree

ment with the elastic rebound model [Swanson et al., 1976; Lipman et al., 1985].
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The focal mechanism of the mainshock was a decollement type with one plane hor

izontal and the other vertical, striking at N53E. Most of the aftershocks had similar 

focal mechanisms [Ando, 1979; Furomoto and Kovach, 1979; Crosson and Endo, 

1982; Wyss and Kovach, 1988]. These authors proposed a tectonic model that states 

that the Kalapana earthquake was produced by the accumulation of strain energy by 

magmatic intrusion in Kilauea volcano and its rift zones. The flank of the volcano 

slipped 8  m on average perpendicularly away from the rift, along a near-horizontal 

plane located at a depth between 8  and 11 km. This fault plane corresponds to the 

top of the buried oceanic sediment layer of the seafloor, upon which the edifice of 

the volcano is deposited and which acts as a plane of weakness. Evidence for the 

presence of this layer comes from refraction data [Hill and Zucca, 1987], from 

relocations of crustal earthquakes, which are concentrated at the depth of this layer 

[Crosson and Endo, 1982; Savage and Meyer, 1987; Thurber and Gripp, 1988], and 

from fault plane solutions, showing consistently decollement-type faulting with slip 

on the basal plane oriented SE [Crosson and Endo, 1981, 1982; Bryan and John

son, 1991]. A different model based on the study of surface waves was proposed by 

Eissler and Kanamori [1987]. They proposed that the Kalapana earthquake was a 

landslide because it could be modeled as a single force event. This contradicts the 

evidence described above which is in favor of a double couple tectonic earthquake 

[Wyss and Kovach, 1988]. Recently, Dahlen [1993] showed that the long period 

radiation pattern of a shallow horizontal thrust fault is the same as that obtained 

from a horizontal surface point source if one uses the WKBJ approximation. Thus 

we favor the first interpretation since it is based on more independent evidence than
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the latter, which seems to be model dependent.

The presence of the basal layer is essential for maintaining the geometry of the 

volcanic rift zones as shown by Dieterich [1988], In his model, accommodation to 

dike intrusions occurs by slip on the decollement plane. This process allows the 

release of the compressional stress accumulated by the dike intrusions, and conse

quently dikes can continue to be emplaced within the rift zone. If the compressive 

stress was not released, the magma supply system would shut off because the 

resulting compressive stress would prevent further opening to create new dikes 

[Dieterich, 1988]. This model explains why, following the Kalapana earthquake, 

intrusion episodes occurred more frequently than average between 1975 and 1981 

[Klein et ah, 1987]. These culminated into a major eruption at Puu’Oo (Figure 4.1) 

which started on January 2, 1983 and still continues as of this writing.

The above discussion indicates the importance of knowing the nature of the 

stress system as a function of space and time in the south flank of Kilauea. The 

main purpose of this study is to infer the state of stress responsible for the 

occurrence of tectonic earthquakes in the south flank of Kilauea volcano. Questions 

of particular interest are the following. How are the principal stresses oriented rela

tive to the summit of the volcano and the rift zones? How is the stress field 

influenced by the occurrence of the 1975, Ms =7.2, Kalapana earthquake? Does the 

stress orientation in the south flank change as a function of time and in response to 

intrusion episodes in the rift zone?

The principal stress directions have been inferred by inversion of focal
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mechanisms. The data set consists of 863 focal mechanisms from earthquakes with 

magnitudes M>3 which occurred in the south flank of Kilauea at least 5 km away 

from the rift and 10 km from the summit of the volcano (Figure 4.1). These focal 

mechanisms present a great diversity of types and have been classified into three 

groups: decollement (dip £ 2 0 °), reverse (dip > 2 0 °) and normal faults.

Under the assumption that the slip on the fault plane is in the same direction 

as the resolved shear stress, a diversity of focal mechanisms can result from a sin

gle homogeneous stress field. This is the approach taken by Gephart and Forsyth 

[1984] whose method we have adopted in this study to determine the stress tensor. 

This method has been used successfully in the Kaoiki region, Hawaii, by Wyss et 

al. [1992], who found that the stress is homogeneous in most of the Kaoiki crustal 

volume, but, that differences between 2 0 ° to 80° of at least one of the principal 

stresses existed in some subvolumes. Gillard et al. [1992] used it to infer a tec

tonic model for western Hawaii. They found that the greatest principal stress is 

oriented near vertically in western Hawaii, which implies that the decollement 

plane, there, can slip under low shear stress in a similar fashion as for example the 

San Andreas Fault in central California [Zoback et al., 1987; Zoback and Beroza, 

1993],

Another approach to understand seismotectonic processes is to compute the 

strain orientation by summing the moment tensors of the earthquakes as described 

by Kostrov [1974], The resulting moment tensor is then proportional to the average 

strain released by the earthquakes within a volume of the crust. We estimated the
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strain orientation using Kostrov’s approach and compared the principal strain orien

tations to the principal stress orientations. We hypothesized that these axes must be 

coaxial if the strength of the crust is uniform. However, if in a crustal volume, 

some of the earthquakes occur on a fault which is weak, the strain and stress orien

tations may differ. Such a situation exists in west Hawaii where the greatest princi

pal stress and the greatest principal strain released by the earthquakes vary by as 

much as 30° [Gillard et al., 1992]. The reason for this difference comes from the 

fact that a fault slips in a direction which is at 45° from the greatest principal strain 

released, but the shear stress resolved on this fault may be very small due to shal

low or high angles between the greatest principal stress and the fault [McKenzie, 

1969; Kostrov, 1974],

3. METHOD

Gephart and Forsyth [1984] developed a method to retrieve the directions of 

the three principal stresses (a 1>a2 >a3) and the ratio, R=(a2 -CT1)/(a3 -a1), by invert

ing the direction of slip on fault planes obtained from focal mechanisms. The orien

tations of the fault planes, and associated slip directions, given by focal mechan

isms, constrain these four model parameters assuming that the stress field is uni

form. The forward problem can be solved by requiring that the resolved shear 

stress on the fault plane is parallel to the observed slip vector and has the same 

direction.

The inverse problem is solved by a grid search over the entire focal sphere 

testing every combination of the four parameters, one by one, against all the data
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[Gephart and Forsyth, 1984]. For each model, a misfit is determined which is 

defined as the smallest rotation around any arbitrary axis which brings the observed 

focal mechanism into coincidence with a predicted focal mechanism, in which the 

slip vector matches the direction of resolved shear stress on at least one of the 

nodal planes. Each individual observation receives two misfits, one for each nodal 

plane. In the absence of any objective means for identifying the true fault plane, the 

nodal plane with the smaller misfit is chosen as the fault plane. Then, the best 

fitting stress model is the one with the smallest average misfit, and one can compute 

the 95% confidence level using the one-norm statistics described in Gephart and 

Forsyth [1984], Differences in the quality of the data can be taken into account by 

applying a weight to the misfit of each observation.

This inversion procedure, also called "exact method" [Gephart and Forsyth, 

1984], is computer intensive, especially with large data sets. Gephart and Forsyth

[1984] suggested the use of the approximate method to find a rough estimate of the 

minimum rotation needed. Instead of searching for the rotation axis giving the smal

lest misfit, the approximate method computes the rotation around three axes, the 

two axes normal to the nodal planes and the B axis (the axis defined by the inter

section of the two planes) and takes the smallest angle of rotation as the misfit. 

This approach gives an estimate of the best stress orientation, which can be used 

later as a starting model using the exact method. Also, according to Gephart and 

Forsyth’s experience and to ours, the patterns of 95% confidence level are close to 

the one obtained using the exact method. The only difference between the two 

approaches resides in the size of the average misfits. They are larger for the
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approximate method and according to our experience, they can be reduced by about 

half using the exact method.

To test for spatio-temporal changes in the stress field, we will subdivide the 

data set into subsets and use the approximate method to compare the results 

between sets. Subsets will be regrouped together if differences between them are 

not resolvable at the 95% confidence level. The size of the misfit will not be a 

determinant criteria because it can be reduced substantially by using the exact 

method. The final regrouped sets will then be inverted, using the exact method and 

the quality of the inversion will be discussed based on the error analysis described 

below. If, after inversion of the final sets using the exact method, the misfit is too 

large to be acceptable, further subdivisions of the data set will be tested following 

the same procedure until a set is found with an acceptably small misfit that can be 

interpreted as representative of a homogeneous data set.

3.1. Misfit as a function of fault plane solution errors

We investigated the meaning of the size of the misfit, F, by perturbing the 

strike, dip and rake of an error free synthetic data set. We first derived the stress 

tensor from a set of 53 focal mechanisms corresponding to events located within 

area 1 (shown in Figure 4.13) at depths between 8.5 and 9 km. This stress system 

was then used to generate an error free synthetic set by adjusting the 53 fault plane 

solutions such that the slip vector on one of the nodal planes coincided with the 

predicted slip direction on this plane. Then we perturbed the strike, dip, and rake of 

each focal mechanism by adding random errors normally distributed around a zero
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mean and with standard deviation of 5°, 10°, 15°, 20°, 30°, and 40°, respectively. 

We performed this analysis using the exact method as well as the approximate 

method to compare differences in misfits between the two. The perturbations of the 

P and T axes (second column in Table 4.1) may be the best measure of the average 

error introduced, because we have no other way of determining how the errors pro

pagate when we simultaneously perturb the strike, dip and rake. The results of this 

error test for the exact and approximate methods are shown in Table 4.1.

For small and moderate errors that could realistically be expected in a data set 

(5° to 15°), the average misfits are F^6 °, and the stress orientations are retrieved 

within less than 20° from the correct ones. For unrealistically large perturbations of 

30° and 40°, the misfits are F>10°, and the correct stress directions are retrieved 

poorly (error 23°) to not at all (error 82°, Table 4.1). Hence, misfits of that order 

are likely to be representative of heterogeneity in the stress field. For the case of 

intermediate perturbations (20°), the misfit is still small (F=6 .6 °), but the stress 

directions are not retrieved correctly (error 77°, Table 4.1).

Based on this test, we propose that the inversion results with misfits smaller 

than 6 ° represent data from crustal volumes with relatively uniform stress tensor 

orientations. If the misfit is larger than 10°, we believe that the data are not from a 

volume where the stress state is homogeneous. Inversions that result in misfits rang

ing from 6 ° to 1 0 ° will be considered suspect, but not necessarily incorrect for data 

sets that could have 2 0 ° errors in the fault plane solutions and that could furnish 

reasonably constrained stress directions [Gillard and Wyss, 1993]. However, for the
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high quality Hawaiian data analyzed here, it would be unrealistic to explain misfits, 

F>6 °, by errors in the fault plane solutions larger than 15°. Therefore, we will inter

pret all misfits larger than 6 ° as indicating heterogeneity of the stress field, and thus 

we will subdivide these volumes in subvolumes for separate inversion. If the 

misfits decrease below 6 ° after separation from the main set, this will indicate that 

the main set was not homogeneous. If the misfits do not change but are less than 

1 0 °, then the conclusion will be that the size of the misfit may be affected by both 

the error in the data and possible stress heterogeneity.

From this analysis, one concludes also that the approximate method is capable 

of giving a good estimate of the best stress model because its results are always 

within 1 0 ° or less of a* obtained from the exact method and within less than 2 0 ° of 

CT3  obtained from the exact method. However, the average misfits for the approxi

mate method are larger, by about 4° to 5° on the average, than the misfits obtained 

by the exact method (Table 4.1). For that reason, when using the approximate 

method, we will not use the size of the misfit as a criterion for deciding if a set is 

homogeneous or not.
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4. DATA

The data consist of first motion readings and P- and S-wave arrival times of 

1322 events located in the south flank of Kilauea volcano, Hawaii, within an area 

defined by a polygon with coordinates latitude/longitude 19.25/-155.4, 19.0/-155.46, 

19.27/-154.67, 19.58/-154.67, and a depth ranging from 0 to 20 km and for a 

period from January 1972 through December 1991. They represent all the earth

quakes with magnitude , for the period 1972-1985, and 2.5, for the period 

1986-1991, listed in the catalogue of Hawaiian earthquakes published by the 

Hawaiian Volcano Observatory (HVO). We used a lower magnitude limit after 

1985 because a negative artificial magnitude shift resulted from the introduction of 

the CUSP software which was used to generate the Hawaiian catalogue starting in

1986. The events were located using the linear gradient velocity model, HG50, 

determined by Klein [1981], This model has given good results for locating earth

quakes and computing focal mechanisms in the south flank of Kilauea [Klein, 

1981]. All the events are located within the dense network covering most of the 

south flank of Kilauea (Figure 4.2).

We used the program FPFIT designed by Reasenberg and Oppenheimer,

[1985] to compute the focal mechanisms. This program finds the fault plane solu

tion that best matches the first motion polarities of an earthquake. The inversion 

proceeds by a two-stage grid search (coarse and fine) in the three dimensional 

parameter space of strike, dip, and rake, to find the focal mechanism that minimizes 

the first motion discrepancies. As an output the program gives five parameters used
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to assess the quality of the solution: the minimum misfit, the uncertainty of the 

strike, dip and rake and the station distribution ratio. The misfit, f, which compares 

the observed polarities with the ones calculated for an assumed source model is 

weighted by the estimated variance of the data and by the theoretical P wave radia

tion pattern which has the effect of putting less weight on observations near nodal 

planes, thereby minimizing the effects of inconsistencies near nodal planes. Conse

quently, the minimum misfit will vary between 0 , for a perfect fit with no incon

sistencies, and 1 , for a perfect mismatch with all the first motions polarities in the 

wrong quadrant. The strike, dip and rake uncertainties correspond to the total range 

of their possible variation within the 90% confidence limits. The station distribution 

ratio, STDR, is sensitive to the distribution of the first motion polarities on the focal 

sphere. It varies between 0 and 1. Low values (STDR < 0.4) indicate that many 

data points lie near nodal planes. These solutions may be less robust than solutions 

with higher STDR values (STDR^0.5) which represent data distributed more evenly 

over the focal sphere.

Multiple solutions which are defined as alternative solutions corresponding to 

significant relative minima are labelled by FPFIT. They are solutions with a 

minimum misfit within 0.04 of the best misfit and for which the distribution of P 

and T axes for the 90% confidence level do not overlap the one corresponding to 

the best solution. Thus, FPFIT is capable of identifying non-unique fault plane solu

tions.

The data processed consisted of all events having at least 20 first motion read
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ings. This number was lowered to 15 for the period 1972-1975 because the network 

was sparser. The grid point spacing for the coarse grid search over the entire focal 

sphere was 20°, 5°, and 20° for the strike, dip, and rake, respectively. The fine grid 

search was done with grid point spacing of 1° for the strike and dip, and 5° for the 

rake. We corrected polarity reversals using the HVO list of reversals based on com

pilations by Endo [1985], Wyss et al. [1992] and Klein [personal communication, 

1989]. Out of 1322 events, 910 events had unique focal mechanisms and 412 events 

had multiple or non-unique solutions. The multiple solutions were rejected from the 

final data set after having been checked visually to assure that none could be used. 

Figure 4.3 illustrates the relationship between the fit of fault plane solutions, as 

measured by f, and the percentage of inconsistencies for each of the 910 focal 

mechanisms with unique solutions. This plot shows that most of the solutions have 

misfits, f, concentrated below 0 . 2  and percentages of inconsistencies below 2 0 %. 

This figure also shows that the number of inconsistencies is not always critical in 

getting a solution with a low misfit. This is due to the high number of first motion 

readings which is about 36 per event.

The quality of the 910 remaining focal mechanisms was assessed by examin

ing the five parameters given by FPF1T, and a grading scale from A to D was esta

blished with A being the best quality and D the poorest. These weights, A=3, B=2, 

C=l, D=0, were used in the inversion for stress orientations. The following scheme 

was adopted:

0.00 £ f £ 0.07 and 0° <&<, 10° A
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0 . 0 0 £ f £ 0.07 and 1 0 °

Vi
tOV

2 0 ° B

0.07 £ f £ 0.14 and 0 ° 2 0 ° B

0.14 f <. 0 . 2 0  and 5 £ 2 0 ° C

0 . 0 0 £ f <. 0 . 2 0  and

oOCM VI
toV 30° C

0 . 0 0 £ f £ 0 . 2 0  and 30° < 6 D

f > 0 . 2 0 D

where 5 is the largest of the uncertainties of strike, dip, and rake. Whenever the dip 

of one of the nodal planes is less than 20° or greater than 70°, 5 is the largest of 

the uncertainties of the rake and the dip. This choice was made because for a nearly 

horizontal nodal plane, the strike is not defined and the computed error has no 

meaning. After applying this grading scale, we reassessed visually every focal 

mechanism with STDR<0.4 because such solutions are not very robust, due to the 

fact that the first motions concentrate near nodal planes. This happens when many 

first motions correspond to refracted phases, all having the same takeoff angle but 

different azimuths. This grading algorithm assigned an A grade to 226 solutions, a 

B to 492 solutions and a C to 109 solutions. 8 6  focal mechanisms received a D and 

were rejected from the final data set. Finally, we added 36 focal mechanisms with 

2.5^M<3 for 1972-1975 to increase the number of events in this period. These last 

events were graded following the same procedure.

We conclude that the final data set of 863 fault plane solutions is of very good 

quality because each is based on an average of 36 first motion readings and the fre
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quency distribution of inconsistencies is normally distributed around a mean of 4 

(Figure 4.4). The average fit is 0.07 and more than 70% of the solutions have fits 

less than 0.1 (Figure 4.4). The distribution of STDR values indicates that the first 

motions are well spread on the focal spheres and that most of the solutions are 

robust because the average value is 0.5 and more than 80% of these values are 

greater than or equal to 0.5 (Figure 4.5). Finally, the distribution of uncertainties for 

the strike and dip indicates that the nodal planes are known in the average within 9° 

whereas the rake is determined within about 12° (Figure 4.6).

5. TYPE OF FAULTING

In the south flank of Kilauea, many focal mechanisms indicate motion on shal

low dipping faults (0-20°) frequently referred to as decollements. Motion on these 

faults can be either normal or reverse. We define as decollements, focal mechanisms 

for which one of the nodal planes dips between 0° and 20°. Our data data set con

tains 440 events of this type. We also define as reverse type, any focal mechanism 

with a reverse component of slip and nodal planes dipping at angles larger than 2 0 ° 

and less than 80°. Similarly, we define as normal type, any focal mechanism with a 

normal component of slip and nodal planes dipping at angles between 2 0 ° and 80°. 

Our data set contains 263 events with reverse-type focal mechanisms and 147 

events with normal-type focal mechanisms. Within each of these three types, we 

grouped focal mechanisms of similar orientation (similar strike and dip) and com

puted the average focal mechanism for each group by averaging the slip vectors. 

The average mechanisms for the different groups are shown in Figures 4.7 and 4.8.
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No strike-slip events are contained in our data set.

During the pre-Kalapana period (before the Kalapana mainshock, 1972 through 

November 29, 1975), five different groups of focal mechanisms are observed. 34 

decollements with a vertical plane striking parallel to the rift. 23 reverse focal 

mechanisms with strike parallel to the southeast rift zone and 6  with strike approxi

mately perpendicular to the same rift zone (Figure 4.7). The nodal planes of the 

reverse mechanisms striking parallel to the rift, dip at angles of 33° and 58°. The 

mechanisms with strike perpendicular to the rift have nodal planes dipping at 45°. 

The normal faults are also subdivided in two groups having a common nodal plane 

striking at about 250° and dipping at about 64°. The other nodal planes have a simi

lar dip but their strike is different from each other by about 120° (Figure 4.7).

In the post-Kalapana period (after the Kalapana mainshock, 1976 through 

1991), a pattern of faulting similar to the pre-Kalapana period is observed: 426 

decollements, 240 reverse faults and 147 normal faults (Figure 4.8). The reverse 

faults are subdivided in four groups with varying strikes and dips (Figure 4.8, 

center). Among these, the mechanism with nodal plane striking at 57° and 185°, 

dipping at 69° and 32° (Figure 4.8, center, circle) is the largest group with 138 

events. The group represented by the focal mechanisms with both nodal planes 

striking approximately parallel to the southeast rift zone (N60E) has 46 events (Fig

ure 4.8, center, diamonds). 15 events have reverse fault plane solutions transcurrent 

to the strike of the southeast rift zone, and their nodal planes have dips of about 4 5 ° 

(Figure 4.8, center, triangle). The smallest group is represented by 13 events with
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both nodal planes striking EW and dipping at 53° and 38° (Figure 4.8, center, star). 

There are three groups of normal faults in this period (Figure 4.8, bottom). One 

group has both nodal planes striking approximately parallel to the strike of the 

south east rift zone (N60E) and their dips are 50° and 40° (58 events) (Figure 4.8, 

diamonds). The second group contains 49 events with one nodal plane striking 

approximately parallel to the rift (dip 6 8 °) and the other striking at 136° (dip 43°) 

(Figure 4.8, circle). The smallest group contains 17 events and the average 

mechanism has one plane striking south and the other one NE with dips of 55° and 

49°, respectively (Figure 4.8, star).

The diversity of faulting in the south flank of Kilauea is remarkable. In both 

periods, before and after the November 29, 1975, M=7.2, Kalapana earthquake, a 

mixture of decollement, reverse and normal faults characterized the faulting. Some 

differences exist between the two periods with respect to the spatial distribution of 

faulting. The normal faults, prior to the Kalapana event, are all located west of 

longitude 155° 10’ W in an area along Kilauea’s south west rift zone (Figure 4.7). 

For the post-Kalapana period, no focal mechanisms were obtained west of longitude 

155° 22.5’ W because few events with M ^3 occurred in this region. Normal fault

ing seems to occur in the post-Kalapana period east of longitude 155° 22.5’ W, 

where no normal fault type of mechanisms were obtained prior to the Kalapana 

mainshock. Also, these normal fault type events seem to be located slightly NW of 

the events with reverse-type mechanisms (Figure 4.8). However the decollement 

types appear in both periods. The depth of all the earthquakes, for the pre-and 

post-Kalapana period, is between 8  and 12 km with an average of 10 km (Figure
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The earthquakes form patches of seismicity separated by zones of no activity. 

This pattern is maintained even if we plot events down to magnitude 1.5 [Okubo et 

al., 1992]. This could indicate either that the patches of seismicity are surrounded 

by asperities, which are strong and never break except in large earthquakes like the 

Kalapana event, or by creeping fault zones. The answer to this has not been found 

yet.

Focal mechanisms of events with magnitude 5 and above were extracted to 

determine what type of faulting releases most seismic energy (Figure 4.10). Out of 

1 0  events, 6  had a thrust-type focal mechanism similar to the mechanism marked 

with a circle in Figure 4.8 (center), three were of decollement type and one was a 

normal fault (Figure 4.10). If we add the events with magnitude down to 4.5, we 

obtain 1 0  more reverse faults, one more decollement and one more normal fault. 

Spatially, the majority of these events are located east of longitude 155° 10’ W. The 

largest event, which is the 1975, M=7.2, Kalapana earthquake, has a decollement- 

type focal mechanism [Ando, 1979; Furomoto and Kovach, 1979; Crosson and 

Endo, 1982; Klein, 1981; Harvey and Wyss, 1986].

From the distribution of type of faulting as a function of magnitude we con

clude that reverse faults are releasing about 80% of the energy for M<7 earthquakes 

in Kilauea’s south flank. However, the single largest energy release, which 

exceeded the sum total of all other known seismic energy release in the south flank 

(November 29, 1975, M=7.2, Kalapana earthquake), occurred along the decollement

4.9).
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plane. The reverse faults seem to have dimensions of about 20 km, which limits the 

magnitude of earthquakes these faults are capable of to M^61/2. The source length 

of the largest of these reverse events (26 June, 1989, M=6.2, Kilauea south flank 

earthquake) was estimated as 20 km [Arnadottir and Segall, 1991], However, the 

aftershocks of this event outlined the decollement plane and extended over an area 

of 30 km by 7 km parallel to the rift zone [Bryan, 1992]. The decollement plane 

has dimensions equal to those of the island of Hawaii and can thus generate earth

quakes with 7<M^8 (1975, Kalapana earthquake and 1868, Kau earthquake) [Wyss, 

1988],

6 . FAULTING AS A FUNCTION OF TIME

The percentage of decollement, reverse and normal fault plane solutions within 

one year bins shows a strong dependence with time. We separated the data into 

two volumes. Volumes A and B contained all the focal mechanisms of events 

located east and west of longitude 155° 10’ W, respectively. This separation was 

based on the above analysis of faulting as a function of space which showed that 

reverse and normal faulting were more abundant east of longitude 155° 10’ W than 

west of it.

In volume A, prior to 1976, we found no normal faults (Figure 4.11). After 

1975, normal faults appeared with a constant percentage of about 30% from 1976 

till 1979 (Figure 4.11). Reverse faults dominate in percentage for the period from 

1972 to 1983 with an average of about 40%. After 1983, their percentage decreases 

significantly. The decollement-type faults contribute a lower percentage than the
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reverse faults for the period 1975-1983, but after 1983, they dominate. In volume 

B, the decollements are more abundant than reverse and normal fault plane solu

tions at all times, but their percentage seems to increase after 1980 (Figure 4.12). 

Reverse fault plane solutions are at a relatively high level mostly before the 1975 

mainshock, and they decrease after 1983 as in volume A. Normal fault plane solu

tions in volume B appear mainly during a few years after 1975.

We conclude that the type of faulting along the south flank of Kilauea, varies 

as a function of time. Four periods with separate faulting patterns emerge. In the 

first period (1972-1975, prior to the Kalapana earthquake) no normal faults are rup

tured in Volume A and reverse faulting is at a relative maximum in both volumes A 

and B. The second period extends from 1976 to 1979 (post Kalapana) and is 

characterized by the sudden occurrence of normal faults in the northwestern part of 

volume A, which are interpreted as being caused by an extensional stress regime 

induced by the 1975, Kalapana earthquake. The period from 1979 to 1983 contains 

a higher percentage of compressional events (reverse fault), which may indicate that 

pressure is building up within the rift zone prior to the 1983 eruptions. The last 

period elapses from 1983 to 1991 and shows an increase of the occurrence of 

events with decollement type, which seems to indicate that the south flank is now 

moving away from the rift along the decollement plane.
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7. RESULTS OF INVERSION FOR STRESS ORIENTATIONS

We investigated the state of stress as a function of time and space in the south 

flank of Kilauea. The entire data set of focal mechanisms was subdivided into 5 

subsets defining five different areas along the south flank (Figure 4.13). The criteria 

for subdivision were based on the pattern of seismicity shown by the events 

selected for the study. They occur in patches of seismicity separated by areas with 

no earthquakes (Figure 4.13). Area 1 was selected because it had no earthquakes 

prior to the 1975 Kalapana earthquake but many events with normal faulting type of 

focal mechanisms after the mainshock. The data sets contained in each area were 

subdivided into subsets as a function of time. We chose four periods based on the 

previous analysis of the type of faulting as a function of time. The first period, 

1972-1975, is the pre-Kalapana period. It was selected to see if any changes in the 

stress orientation occurred with the mainshock. Unfortunately, not many focal 

mechanisms were available for this period. The second period, 1975-1979, starts 

just after the Kalapana earthquake and represents the aftershock period. 1980-1983 

is the period preceding the eruption of Puu’Oo. The final period extends from June 

1983, after the onset of the eruption, till the end of 1992.

In a first step, we used the approximate method to find the direction of princi

pal stresses and detect any changes as a function of time within each area. In this 

method, the computation is much faster than in the exact method and the results are 

similar to the exact method in terms of orientation of stress and pattern of the 9 5 % 

confidence level. However, the misfits obtained by the approximate method are not
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comparable to the ones obtained by the exact method as we demonstrated above in 

the error analysis section. For that reason we did not use the size of the misfits 

obtained by the approximate method as a criterion for judging differences between 

subsets. Only the similarity of the orientation of the best models and the pattern of 

the 95% confidence level were used to judge if subsets differ significantly or not. If 

the 95% confidence regions of crj and CT3 for one subset did not overlap the 95% 

confidence regions for another subset, then the two subsets were kept separate 

because their stress state was judged to be different. Otherwise, if the 95% 

confidence regions overlapped, we decided that no significant change occurred and 

the subsets were joined for inversion, in a second step, using the exact method for 

the final result.

7.1. Area 1

No focal mechanisms were available in area 1 for the period 1972-1975 

because the level of seismicity for M^3 earthquakes was almost null. After the 

occurrence of the Kalapana mainshock, earthquakes appeared in area 1 (Figure 

4.13). Many of these events were normal faulting events which occurred mainly in 

the period 1975-1979 (Figure 4.11). Inverting the focal mechanisms for each of the 

three periods following the Kalapana event separately using the approximate 

method, we found no change as a function of time within area 1 (Figure 4.14). For 

o  1 and a 3, the 95% confidence regions overlapped and their directions varied only 

by 15° and 23°, respectively, for the periods 1975-1979 and 1983-1992 (Table 4.2). 

Only 8  focal mechanisms composed the data set of period 1980-1983, making any
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results poorly constrained as seen by the spread of the 95% confidence limits (Table 

4.2 and Figure 4.14).

For the final result, we grouped all the focal mechanisms (110 events) of the 

three periods together and inverted them using the exact method (Table 4.3 and 

Figure 4.15). This set contained 60 normal, 18 reverse, and 22 decollement-type 

focal mechanisms. The average misfit was 6.0° which is at the borderline for 

acceptable results and may indicate that this data set is not completely homogene

ous. Out of the 110 focal mechanisms, 10 had individual misfits greater than 15°, 

of which 9 were from the period 1975-1979. Four of these mechanisms were 

reverse, 5 were normal and one was decollement. A test for homogeneity as a 

function of depth resulted in the reduction of the size of the average misfit, but 

differences of stress directions could not be resolved at the 95% confidence level. 

Considering all aspects of the data set in area 1 we accept the stress directions 

estimated from the entire data set (Figure 4.15) as a reasonably reliable result, 

although we suspect that some degree of heterogeneity exists as a function of depth 

in this set.

7.2. Area 2

Using the approximate method, we found that the stress orientations vary 

significantly as a function of time in area 2. While the orientation of the least prin

cipal stress remained stable between 1975 and 1992, the greatest principal stress 

varied from being horizontal between 1972 and 1980 to plunging at an angle of 45° 

between 1980 and 1992 (Table 4.2, Figure 4.14). These differences were significant
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at the 95% confidence level (Figure 4.14).

For the final result, using the exact method, we grouped the data for the period 

1980-1992 and inverted them together (Table 4.3, Figure 4.16). We obtained a low 

misfit (4.5°, Table 4.3) indicating that this set was homogeneous. This set contained 

155 decollement, 85 reverse, and 25 normal fault type focal mechanisms. Five focal 

mechanisms had individual misfits between 15° and 20°, and one had a misfit of 

36°. None of these inconsistencies were normal fault type focal mechanisms. Most 

of the normal faults were of the type described by the diamond and circle symbols 

in Figure 4.8. For the reverse fault type of mechanisms, the dominant one was 

represented by the circle in the Figure 4.8 (middle).

We inverted separately with the exact method, the data set for periods 1972

1975 and 1975-1979 (Table 4.3, Figure 4.16). The average misfit for the data set 

covering the pre-Kalapana period was 3.6°, which signifies that this set is homo

geneous. For the period 1975-1979, the average misfit was 6.5° which may indicate 

that this set is not homogeneous. The number of fault plane solutions with indivi

dual misfit larger than 15° was 14 with 5 normal faults, 6  reverse, and 3 decolle

ment type. This data set was composed of 111 events with 6 8  reverse, 18 decolle

ment, and 15 normal type of fault plane solutions. When inverting subsets 

separately as a function of depth, the misfit could not be reduced, and changes in 

stress orientation as a function of depth could not be resolved as discussed later.
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7.3. Area 3

In area 3, the results of the approximate method were stable as a function of 

time with 0 \ and CT3 varying on the average by less than 15° between the different 

periods (Table 4.2). In period 1972-1975, only 13 focal mechanisms were available 

and for that reason the inversion is not as well constrained as in the following years 

(Figure 4.14). No significant changes in the orientation of the principal stresses 

between the post- and pre-Kalapana periods were detected.

The inversion for the final result of all 165 events grouped together, using the 

exact method, gave a greatest principal stress oriented at an azimuth of 155° and a 

plunge of 36° (Table 4.3, Figure 4.15). The least principal stress was oriented at 

azimuth 338° and plunge 54°. The average misfit was 3.6°, which indicates, accord

ing to our error analysis, that the stress is homogeneous in this area.

7.4. Area 4

After inverting 4 subsets of area 4 as a function of time using the approximate 

method, we concluded that no significant changes in the stress orientation existed. 

The 95% confidence level for and 0 3  overlapped (Figure 4.14). The number of 

focal mechanisms in each subset prior to 1983 was low (less than 20), which 

implied that the stress models obtained were not as reliable as the one obtained for 

the period 1983-1992, which had 60 events.

The inversion of the 8 8  focal mechanisms with the exact method gave a final 

result with a low misfit of 4.5° (Table 4.3, Figure 4.15). Based on the small size of 

this average misfit, we concluded that the stress field was homogeneous as a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



145

function of time in area 4. The greatest principal stress was oriented at an azimuth 

of 145° and a plunge of 41° (Table 4.3, Figure 4.15). The least principal stress has 

an azimuth of 325° and a plunge of 45° (Table 4.3, Figure 4.15).

7.5. Area 5

In area 5, only focal mechanisms for events occurring prior to the 1975, Kala

pana earthquake were available because this area has low seismicity for depths 

deeper than 9 km and magnitudes Mi>3 after 1975. The inversion of these focal 

mechanisms with the approximate method gave orientations of and G3  similar to 

the ones obtained by the exact method (Table 4.3 and 4.4). The differences were 

within 20° and the patterns of 95% confidence level were also similar (Figure 4.14 

and 4.15). The average misfit for the final inversion with the exact method was 6.5° 

(Table 4.4), which suggests that this data set may not be homogeneous. It was not 

possible to subdivide this area any further because of the small number of events.

7.6. Stress orientations as a function of depth

We investigated the stress orientations as a function of depth in area 1 (all 

times considered) and in area 2 (1975-1979) because the average misfits were near 

6 ° and above (Table 4.3), which places them into the range of suspect results, 

where the assumption of homogeneity within the crustal volume where these events 

occurred may not be fulfilled (see our analysis above).

We divided the data set in area 1 in three groups corresponding to the depth 

ranges, 5 to 8.5 km, 8.5 km to 9.0 km, and 9.0 to 10.5 km. These subdivisions were
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chosen arbitrarily because no clear patterns exist showing that the faulting varies as 

a function of depth. Also, most of the events that we used for this study were 

located between 8  and 12 km depth. The accuracy of hypocentral depth estimates 

for these events is believed to be better than 2  km due to the good station coverage. 

However, relocations of events in the New Madrid area using three component sta

tions to pick the S-arrival time have shown that significant difference of at least 2  

km or larger exist between the relocated events and the ones located using only 

vertical components [Chiu et al., 1992]. In Hawaii few three component stations 

exist. Therefore we suspect that the depth accuracy is probably not better than 2 km 

and it may thus be impossible to resolve stress variations as a function of depth.

We found no significant change of stress orientation from depth 5 to 9.0 km in 

area 1 (Table 4.4). The stress orientation was similar to that of the entire data set 

(Table 4.3). In the inversion of the events located at depth 9 km to 10.5 km, the 

azimuth of ct1 changed by about 50° but this difference was not significant at the 

95% confidence level. The average misfits decreased to values lower than 6 ° sug

gesting that perhaps the stress does vary as a function of depth.

In area 2, after making many subdivisions as a function of depth and inverting 

the data using the approximate method, we found that separating the focal mechan

isms into two groups, one for depth 5 km to 9.5 km and the other for depth 9.5 km 

to 10.5 km, was most likely to show differences in stress orientations. We inverted 

these two groups using the exact method. The average misfits for the two depth 

ranges did not decrease substantially relative to the one obtained inverting for all
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depths (Table 4.4). Also, the results of the two depth ranges did not differ 

significantly at the 95% confidence level. Because this separation did not improve 

the results significantly, the data set in area 2  was not separated as a function of 

depth.

We conclude that it is not possible to resolve stress orientation differences as a 

function of depth with the available data sets. The relatively high misfits obtained 

for area 1 and area 2 for period 1975-1979, could be due in part to differences as a 

function of depth or they could as well have been caused by local heterogeneities 

induced by the complexity of the rupture of the Kalapana mainshock.

8. STRAIN

8.1. Method of strain calculation

Earthquakes occurring within a volume of the crust will deform this volume. 

Kostrov [1974] described this process mathematically by assuming that the volume 

containing these earthquakes is a continuous medium and consequently calculated 

the deformation of the crustal volume by the earthquakes. He showed that the 

deformation of this volume is related to the moment tensors of the earthquakes 

located within this volume. Expressing the deformation of the volume in terms of 

strain components, the relationship between the strain and the moment tensor is 

given by

=  ( 1 )
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where p. is the shear modulus. The seismic moment tensor Mjj of the kth earth

quake is given by

Mjj = M kQ (ufnf  + ufnftj  (2)

where n f  is a unit vector normal to the fault-plane and u f  is a unit vector parallel 

to the slip direction. These two vectors are determined by the fault plane solutions. 

The scalar moment M 0  is computed from the moment-magnitude relationship. The 

shear modulus (I can be derived from the velocity structure.

This strain tensor describes the deformation of the crustal volume resulting 

from the earthquakes located within this volume. Therefore, the word strain will 

mean the average seismic (released by earthquakes) strain in a crustal volume. This 

definition is necessary to avoid the confusion with the geodetic strain which 

corresponds to the deformation of the medium which causes earthquakes.

In this study, we are interested in comparing the orientation of the principal 

stresses to the principal strain directions which are the eigenvectors of the above 

described strain tensor. If a material is relatively uniform in strength, the principal 

axes of stress and strain should be coaxial, or at least close to each other. On the 

other hand, if there is a dominant plane of weakness with low shear strength in a 

volume, it is possible that slip occurs on this plane even if the greatest principal 

stress is not oriented at a most favorable angle. In this case the orientations of the 

principal stress and strain may be different because the direction of greatest princi

pal strain and the slip direction of the fault are always at 45°, whereas the greatest 

principal stress can vary from being parallel to perpendicular to the fault
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[McKenzie, 1969; Kostrov, 1970, 1974].

The strain calculation was applied to the different subvolumes in which the 

stress was uniform. The scalar moments were derived from the moment magnitude 

relationship for Hawaii proposed by Zuhiga et al. [1988]. Error ellipses representing 

the 95% confidence level of the orientation of the principal strain axes were com

puted following the procedure described in Wyss et al. [1992], Errors of 10° for the 

strike, dip, and rake were adopted to compute the confidence ellipses. We did not 

consider differences in stress and strain orientations as significant at the 95% 

confidence level if these ranges for stress and strain overlapped. By comparing 

stress and strain in different subvolumes where the stress state is uniform in the 

south flank of Kilauea, we want to understand how the stress causing the earth

quakes is related to the deformation caused by the earthquake. In other words, this 

comparison will show if there are zones of weakness, and how the strain is mostly 

released in the south flank as a function of space and in some areas as a function of 

time.

The inversion for stress does not weigh the data with magnitude, but the strain 

method does. For that reason, it is important to know if the strain orientations are 

significantly different within different magnitude bands if we want to compare them 

to the stress orientations. We found that the strain was invariant as a function of 

magnitude for M<7 in the five areas we investigated. The strain change due to the 

M=7.2, 1975 Kalapana earthquake was estimated by assuming that in each of the 4 

subvolumes 1/4 of the total moment was released. The strain released by this
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mainshock dominates in all volumes because of its large size but it did not affect 

significantly the orientation of the strain in areas, 1, 3, and 4 where was less than 

20° from the greatest principal strain computed without the Kalapana mainshock. 

The 95% confidence ellipses of the two calculations overlapped. However, in area 

2 (period 1972-1975) and in area 5, the strain for M< 8  differed significantly from 

the strain computed with M<7 events by about 26° and 37°, respectively. The 

stress results presented in Table 4.5 and Figure 4.17 correspond to magnitudes 

M<7.

8.2. Observed strain orientations

The principal strain orientations change as a function of space (Figure 4.17) in 

the south flank of Kilauea. The orientation of ej and e 3  in area 1 differ significantly 

from the ones in area 2, 3, and 4. In the average, the difference in orientations 

between these areas is about 50°. The difference in is most significant in the dip, 

which varies from being the steepest in area 1 with 65° to about 30° in areas 3 and 

4, and almost horizontal in area 2 (Table 4.5). No significant difference in strain 

orientation exists between area 3 and 4 (Figure 4.17, Table 4.5). In area 5, the prin

cipal strain directions are not well resolved as shown by the large confidence 

ellipses for Nevertheless, it is still possible to differentiate the orientation of e* 

from the other areas at the 95% confidence level.

Area 2 is the only location where we detected significant changes in stress as a 

function of time. For this volume we computed the strain orientations for each sub

sets corresponding to the different periods. e3 does not change orientations
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significantly as a function of time, whereas changes azimuth by about 34° after 

the occurrence of the Kalapana earthquake (Table 4.5, Figure 4.17). This difference 

is significant at the 95% confidence level (Figure 4.17). The strain orientations in 

period 1975-1979 and 1980-1982, in area 2, are not significantly different.

8.3. Comparison of stress and strain tensor orientations

The stress and strain orientations are coaxial in area 1, and 3 (Figure 4.17). 

The coaxiality remains even after including the Kalapana event (M=7.2) as men

tioned before. In area 5, the 95% confidence level for Oi and overlap, and thus 

we conclude that the stress and strain tensor orientations are not significantly 

different (Figure 4.17). If one adds the Kalapana event (M=7.2), the greatest princi

pal stress and strain differ by 37° at the 95% confidence level. In area 4, the 

greatest principal stress direction is different from the greatest principal strain direc

tion by about 11° at a significant level (Figure 4.17, Table 4.5).

In area 2, it is not possible to differentiate the stress orientation from the strain 

orientation for the periods 1972-1975 and 1975-1979 because of the lack of resolu

tion in the azimuthal direction of CTj. Both £j axes are almost horizontal. Dining 

the period 1980-1992, the greatest principal stress and the greatest principal strain 

orientations differ significantly by about 35° (Figure 4.17). This difference is meas

ured mainly in the dip. Adding the Kalapana mainshock to the calculation of strain, 

introduces a difference between stress and strain of about 40° significant at the 95% 

confidence level.
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9. DISCUSSION

9.1. Stress orientations

The stress tensor is not homogeneous in the south flank of Kilauea. Inverting 

all focal mechanisms of events located in the area covered by the data (50x10x10 

km, Figure 4.13) gives an average misfit of 5.8° (Table 4.3). Based on the error 

analysis, this value is near the border line between acceptable and suspect results 

(6 °). The entire misfit could be explained by uncertainties of 10° to 15° in the fault 

plane solutions, or in part by stress heterogeneity. After subdividing the entire data 

set into volumes of about 1 0  km on a side as a function of space and time, we 

found that the quality of the inversion was improved in many areas as reflected in 

the significant drop of the average misfits (Table 4.3). With confidence, we con

clude that the stress is homogeneous in area 3 and 4, and does not change as a 

function of time (Table 4.3). However, in area 1 for period 1975-1992, and in area 

2 for period 1975-1979, the average misfits are 6.0° and 6.5°, respectively, which is 

larger than the average misfit for the entire data set.

Because most of the larger misfits in area 1 came frGm focal mechanisms of 

events which occurred in the period 1975-1979, it is possible that stress readjust

ments above and below the decollement plane could have been induced by the slip 

along the basal plane due to the Kalapana, M=7.2, earthquake. This conjecture 

might be verified by analyzing the data as a function of depth. However, we found 

no significant change in the stress orientations as function of depth. We suspect that 

the accuracy of hypocentral depth estimates is not high enough to allow resolution
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of differences above, at and below the decollement fault plane. We conclude that 

the data available do not allow the resolution of any changes of stress orientation as 

a function of depth. In view of the fact that the misfit is small, although near bord

erline, we interpret the stress orientations obtained for area 1 and area 2  (period 

1975-1972) as representative of the state of stress within these crustal volumes, and 

we accept the observed variation as a function of time as real.

While the stress directions remain invariant as a function of time in area 1, 

they vary by as a much as 45° in plunge in area 2. Because the azimuth of is not 

well resolved in the period 1972-1979 (Figure 4.16), we propose to take an azimuth 

of about 120° as the average orientation of the greatest principal stress. Therefore, 

the change in azimuth of after 1980 is about 25°. These changes are significant 

at the 95% confidence level. The chronology of the state of stress along the south 

flank of Kilauea is summarized in Figure 4.18. Between 1972 and 1975, prior to 

the Kalapana event, the stress field is oriented radially with the greatest principal 

stress in the different areas pointing toward the magma chamber near the summit of 

Kilauea (Figure 4.18) suggesting that the source of the stress is the magma chamber 

near the summit. In area 2 the stress regime is compressional, with cij horizontal, in 

accordance with the model, suggesting that, through forceful magma intrusion near 

the summit of Kilauea, stress is accumulated in the flank of the volcano. Geodetic 

measurements made on the south flank during 70 years prior to the Kalapana earth

quake showed compressional strain of about 3.5a: 10- 4  in a southeasterly direction 

[Swanson et al., 1976; Wyss et al., 1981; Delaney et al., 1992]. Following the
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Kalapana earthquake, the only change of earthquake pattern occurred within area 1 

where earthquakes with focal mechanisms of normal fault type and decollements 

appeared, whereas no earthquakes were available for analysis before 1975. The 

stress in this volume was oriented in the same direction as in the adjacent volume 

west of it, with ctj plunging at 69° perpendicular to the rift (Figure 4.18).

The stress orientation in volume 2, south of area 1, did not seem affected by 

the Kalapana earthquake. The state of stress remained compressional and oriented in 

the same direction during the period 1975-1979 as prior to the main shock. We 

interpret this observation in the following way. The boundary between area 2 and 

area 1 represents the separation between the compressional and cxtensional quadrant 

induced by the decollement-type source mechanism of the Kalapana earthquake 

where the flank of the volcano (hanging wall) slipped in a SE direction. This 

mechanism induced an extensional regime in area 1 and therefore normal faults 

were activated in the period following the main shock (1975-1979). The extensional 

regime helped the emplacement of dike intrusions along the east rift zone by 

reducing the confining pressure perpendicular to the rift. Consequently, during the 

period from 1976 to 1981, the number of intrusions outnumbered the eruptions; 

about 24 intrusions occurred during this period and only 5 reached the surface 

[Klein et al., 1987]. The crustal volume in area 2, south of area 1, stayed under 

compression after the Kalapana earthquake and during the entire period when most 

of the intrusions occurred 1975-1981.

Inflation and deflation periods, measured at Kilauea’s summit for decades, are
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taken to be indicative of changes of the stress exerted by the volcano on the crust 

surrounding it. The M=7.2 Kalapana earthquake started a period of deflation that 

lasted until 1978 when the summit began to inflate again [,Delaney et al., 1990; Fig

ure 2], The reversal of the summit tilt into a new compressive phase, starting in 

1978, was closely followed in 1979 by a rotation of the stress direction in volume 2 

into a direction parallel to those in the other volumes (Figure 4.18). The stress rota

tion in 1979 was unexpected. Instead we searched for, but did not find, rotations in 

1975 and in 1983, at the beginning of the Puu’Oo eruption. Our interpretation of 

these observations is that the frequent intrusions in the east rift zone during 1975

1981, the renewed inflation, and the rotated stress direction starting in 1979 all indi

cate that stress was building up in the southeast rift zone. As the rift zone itself 

became the source of stress, the slip (and stress) directions in volume 2 turned per

pendicular to the rift. Because the stress rotation in 1979 is demanded by our data 

from volume 2, and because the hypocenters range from 6 to 12 km depth, we pro

pose that magma intrusions (in 1979 and after) in the east rift zone may have taken 

place below the brittle depth of the rift zone (6 km) at the depths of the earthquakes 

we analyzed. The existence of a deep magma body has also been proposed by 

Delaney et al. [1990] to explain horizontal extension of the summit, the uplift of the 

south flank, and the extension and subsidence of the axes of both east and 

southwest rift zones. Other evidence for the deep magma body under Kilauea’s rift 

zones comes from the lack of seismicity at depth greater than 5 km under the rift 

zone [Klein et al., 1987] and unusually strong attenuation of seismic intensities in 

the vicinity of the east rift zone [Wyss and Koyanagi, 1992],
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After 1981, the number of intrusions decreased Klein et al. [1987]. The erup

tion of Puu’Oo that started in January 1983, and lasted for years, did not have any 

effect on the stress orientations. We interpret this to mean that magma was able to 

flow from the summit reservoir to the vent at Puu’Oo, where it reached the surface, 

without altering the stress conditions in the south flank adjacent to the rift. Evi

dence for the constancy of the horizontal compressive stress is apparent in the geo

detic data, which show no strain accumulation or release after 1983 in the south 

flank [Delaney et al., 1993].

9.2. Fault orientations

The knowledge of the orientation of the predominant active fault surfaces pro

vides an important guideline toward establishing the appropriate tectonic model for 

the south flank. Gephart and Forsyth’s method does not a priori require to distin

guish between the fault plane and the auxiliary plane. However, their method pro

vides a means to select the fault plane because the misfits for the two nodal planes 

for each earthquake are not the same. Thus, one may argue that the plane with the 

smaller misfit is the fault plane [e.g., Gephart and Forsyth, 1984; Michael, 1987; 

Wyss et al., 1992], We propose that if the two misfits differ by more than 10°, the 

choice of fault plane is possible for a particular focal mechanism. The 10° limit is 

chosen because this difference represents about twice the average misfits for accept

able inversions, and it is larger than the average error in the focal mechanisms. If, 

for a group of events having similar focal mechanisms, the same nodal plane is 

chosen as the fault plane in a significant percentage, we propose that this plane is
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the predominant active fault surface.

The choice of the fault planes was tested for the most dominant group of 

reverse mechanisms which is represented by an average mechanism with nodal 

planes of strike, and dip, 185°, 32°, respectively, and 57°, 69°, respectively (circles 

in Figure 4.8, center), and for the group of normal faults with average fault plane 

solution with nodal planes of strike and dip of 238°, 50°, repectively, and 59°, 40°, 

respectively (diamonds in Figure 4.8, bottom), and for the decollements. The 

results are presented in Table 4.6.

For the reverse mechanisms, the steeper plane dipping at 69° was selected in 

98% (62 events) of the cases in area 2, when a choice of fault plane was possible 

(Table 4.6). Overall, for the entire south flank, the steeper plane is chosen in 78% 

(69 events) of the cases when a choice is possible (Table 4.6). Based on this 

overwhelming preference for this fault plane, we propose that the steep angle plane 

striking approximately NE is the fault plane and we show this plane schematically 

as active at all times in Figure 4.19.

For the normal faults, overall, for the entire south flank, the plane striking NE 

and dipping at 40° was chosen in 76% (13 events) when a choice was possible 

(Table 4.6). However, out of 64 events, a choice was possible for only 17 events. 

We would be reluctant to propose that this plane is the fault plane, only on the 

basis of tliis result. However, if the NE striking plane is chosen, then slip along this 

fault plane is mechanically compatible with slip along the steeply dipping reverse 

faults in the volume south of the one where most normal faults are located (Figure
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4.19). Also, this is the fault plane exposed at the surface in the Hilina Pali system 

which slipped during the 1975 Kalapana earthquake. Consequently, for the normal 

faults, we propose that the fault plane is dipping SE at 40°. This type of normal 

fault is shown as active in Figure 4.19 B and C.

For the decollement earthquakes, out of 372 events, a choice of fault plane 

was possible for only 29% (109 events) of the events. The vertical plane was 

chosen in 70% and the horizontal plane in 30% of the cases when a choice was 

possible. Hence we conclude that a choice of fault plane based on the misfits was 

not reliable because the latter differed by less than 10° in most cases (75%). We 

will however assume that the decollement plane is the fault plane in most cases, 

based on the following observations. The aftershocks of the 1975 Kalapana earth

quake map out a horizontal plane as the rupture plane. Well located aftershocks 

(M>3) of the 1975 Kalapana earthquake tend to outline a horizontal plane as the 

rupture plane [Thurber and Gripp, 1988]. There is no trend of earthquake hypo- 

centers that would outline a near-vertical fault plane, in fact no earthquakes shal

lower than 5 km were available for focal mechanism studies. There is no surface 

expression of a near-vertical fault on the south flank with the southern side 

upthrown, as required by the decollement focal mechanisms. Given all these facts, 

we are fairly confident that the model depicting the south flank as a wedge, mov

ing seaward with slip along a decollement plane at its base [e.g. Dieterich, 1988] is 

correct. Thus, the decollement plane is shown as active at all times in Figure 4.19. 

It is possible that in some earthquakes near-vertical planes rupture instead of the 

decollement plane. This would not substantially alter our image of faulting in the
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south flank. It would simply add a near-vertical fault plane, similar to the reverse 

fault shown in Figure 4.19.

Directly observable surface faulting was created during the 1975 Kalapana 

earthquake. Along the EW striking Hilina Pali fault, 1 m of normal faulting 

(south-side down) occurred [Tilling et al., 1976]. We interpret this motion as subsi

diary faulting along a shallow, aseismic fault. This type of faulting is expected in 

the model of a wedge under compressive stress presented by Yin [1993], A contrary 

view is held by Lipman et al. [1985] who proposed that the Hilina Pali fault 

extends all the way down to the decollement plane. This proposal cannot be tested 

by analysis of earthquakes, because no seismicity occurs in the crustal volume in

question (south of the Hilina fault system). A slip arrow on the Hilina fault in Fig

ures 4.19B and 4.19D indicates that slip occurred in 1975.

9.3. The June 26. 1989, M=6.2, Kilauea south flank earthquake.

This event is the largest event in the south flank of Kilauea since the Kalapana 

earthquake, M=7.2, in 1975. The epicenter was located in area 2, at latitude 19.35° 

N and longitude 155.8° W, and the focal depth was 9.2 km (Figure 4.1). Several 

fault plane solutions have been published for this event. Our own solution indicates 

reverse-type faulting with one nodal plane of strike and dip, 183°, and 37°, respec

tively, and another nodal plane of strike and dip, 49° and 63°, respectively. Bryan 

[1992] using essentially the same data as ours, but employing a variety of velocity 

models and averaging the solutions, obtained a focal mechanism almost identical to 

ours. From inversion of teleseismic P and SH waves, Chen et al. [1990] obtained a
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low angle thrust solution (decollement) with one of the nodal planes dipping NE at 

16°.

Based on modeling of leveling data, Arnadottir and Segall [1991] found that 

the data could be best explained by a shallow dipping thrust located at 4 km depth. 

They concluded that their results did not match the seismological data because they 

did not include a realistic elastic structure in their modeling.

From our results above, which showed that in area 2 the steeply dipping planes 

are the fault planes in the case of reverse faulting, we conclude that the 26 June 

1989, M=6.2, Kilauea south flank earthquake happened on a steeply dipping plane 

striking at 49° ± 9° and dipping at 63° ± 2°. The same conclusion was reached by 

Bryan [1992] who proposed that large Hawaiian earthquakes, may be triggered by 

ruptures on steeply dipping reverse faults. While it is not clear where the rupture 

starts in large Hawaiian earthquake like the Kalapana event (M=7.2), it is likely that 

the reverse faults as well as the normal faults may rupture during an M>7 earth

quake and contribute to the source complexity of the mainshock. For example, Har

vey and [1986] proposed that the 1975, M=7.2, Kalapana earthquake was 

composed of six subevents with focal mechanisms varying in strike and dip.
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The results of the strain analysis indicate that overall, with the exception of 

area 5, the axis of maximum seismic strain released is oriented approximately 

southeast, and nearly parallel to the strain accumulation measured geodetically 

before the Kalapana earthquake [Swanson et al., 1976]. However, the dip of the 

greatest principal strain is changing as a function of space. This suggests that 

different types of faulting are dominant in different areas along the south flank.

In area 2, at all times, for earthquakes with magnitude M<7, the strain is 

released mostly on reverse faults of the type represented by the circles in Figure 4.8 

(center). For M>7 earthquakes, like the 1975 Kalapana event, the strain is released 

by rupture on the decollement. The stress and strain are coaxial for M<7 events 

during 1972-1979 in this volume but after 1979 they vary by about 40° in plunge. 

In the remaining volumes in the south flank (area 1, 3, 4) the strain is released on 

the decollement and is coaxial with the stress for all magnitudes. In area 5, the 

resolution of both stress and strain is poor and does not allow a meaningful com

parison. We conclude that the spatio-temporal differences between stress and strain 

in area 2 indicate that the crust is not homogeneous in strength. However we cannot 

conclude that the reciprocal is true for areas 1, 3, and 4 where stress and strain are 

coaxial.

Differences between the observed stress and strain orientations can vary as a 

function of time or space for a number of reasons, even if frictional properties are 

assumed to be invariant. In the presence of a major fault with low shear strength

9.4. Comparison of stress and strain tensor orientations

i
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the direction of strain release will be at 45° from this fault and in the direction of 

the slip on it, regardless of changes of the stress directions as a function of space or 

time. Changes of stress directions can be brought about by magma movements or 

by major earthquakes. Alternatively, changes of the relationship between stress and 

strain directions can also be caused by shifting seismic activity in a volume of 

diverse faulting. Assume that a crustal volume, containing several major weak 

faults of different orientation is under a stress with constant direction. When earth

quake activity shifts from one to another of these faults, as is common, the strain 

release directions will change while the stress directions remain the same. We can 

demonstrate that both of these processes occur in area 2 of Kilauea’s south flank.

The case of strain directions changing while stress remains constant happened 

during the 1975, M=7.2, Kalapana earthquake. This major earthquake caused a 

change in strain orientation in area 2, while the stress kept the same orientation. 

Before and after the Kalapana earthquake (1972-1970), the stress was oriented 

nearly horizontally (Figures 4.19 A and B). The strain was released mostly on 

reverse faults before 1975, and thus it was oriented approximately parallel to the 

stress directions (Figure 4.19 A). In the period 1975-1979 the same was true for 

earthquakes with M<7 (Figure 4.19 B). However, if we include the 1975 mainshock 

in the estimate of the strain directions, Ej forms an angle of 45° to the decollement 

plane (Figure 4.19 D). and we find that a substantial difference between stress and 

strain directions developed.

An example of changing relationship between stress and strain due to the
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stress rotation in area 2, is illustrated in Figure 4.19. Before 1975 the greatest prin

cipal stress was oriented nearly horizontal and the strain was released on the reverse 

faults and consequently stress and strain were coaxial (Figure 4.19 A). In the 

period 1975-1979, the relationship between stress and strain did not change for 

earthquakes with magnitude M<7. CTj remained horizontal, unaffected by the 

occurrence of the Kalapana earthquake, and the strain released by the earthquakes 

with M<7 was on the reverse faults (Figure 4.19 B). In 1979, The greatest principal 

stress orientation changed from nearly horizontal to a plunge of 45° as a response to 

magma movements in the rift zone but the reverse faults kept releasing the strain, 

thus maintaining a constant orientation of the greatest principal strain nearly 

horizontal at an angle of 54° which is within 10° from the optimal orientation of 

45° (Figure 4.19 C). We conclude that the change in stress orientation in 1979 

caused a significant angular difference of about 40° between CTi and £|.

These two different cases reveal that the crust in volume 2 is not homogeneous 

in strength. The decollement which released the strain of the 1975, M=7.2, Kala

pana earthquake, acts as a near-frictionless fault plane because prior to the 

mainshock the greatest principal stress was oriented nearly parallel to it (Figure 

4.19 A and B). The reverse faults which released most of the strain during the 

1980-1992 period, become less favorably oriented with respect to the greatest prin

cipal stress and consequently are considered also weak.

We believe that a high pore pressure, perhaps near-lithostatic, is reducing the 

normal stress on the decollement and allows this plane to slip freely with almost no
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friction. If the pore pressure is also high in the crust surrounding the decollement 

where the reverse faults are located, one could explain why these faults may still 

slip after the greatest principal stress became reoriented less favorably with respect 

to the reverse faults.

In a crustal volume located in the Kaoiki region, about 30 km to the north of 

the volume studied here, Wy,s.s et al. [1992] concluded that the pore pressure must 

be near-lithostatic to allow failure on strike-slip faults and decollements. Zoback 

and Beroza [1993] also showed that near-lithostatic pore pressure is required in the 

San Andreas fault (SAF) zone and in the adjacent crust to explain simultaneously 

the occurrence of strike-slip, normal and reverse faults within a uniaxial stress field 

acting perpendicular to the San Andreas fault. They conclude that the SAF is mov

ing almost freely without friction. Such a conclusion can be reached for the decolle

ment plane in Hawaii, which is able to slip while the greatest principal stress is 

nearly parallel to the decollement (Figure 4.19, top and center) implying that the 

shear stress resolved on this plane is low. If the decollement plane is frictionless, 

then the greatest principal stress can be oriented anywhere from horizontal to verti

cal. Evidence for a vertical principal stress has been shown by Gillard et al. [1992] 

in western Hawaii where major to large earthquakes also rupture the decollement 

plane [Beisser et al., 1992], In the south flank, the plunge of the greatest principal 

stress varies from nearly horizontal to a plunge of 64° as seen in this study.
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10. CONCLUSIONS

1. A mixture of decollement, reverse and normal fault plane solutions character

izes the faulting in the south flank of Kilauea, Hawaii. The decollements are 

present throughout the south flank. Both normal and reverse fault plane solu

tions are mainly concentrated east of longitude 155° 10’ W.

2. A single stress tensor orientation is compatible with all of the heterogeneous 

faulting observed in the south flank of Kilauea with an average misfit of 5.8°. 

However, subdividing the data as a function of space and time we find that the 

misfit is reduced significantly in some subsets, allowing the resolution of 20° 

differences in stress directions. Thus the stress field inferred from the inversion 

of the focal mechanism data is not homogeneous but varies as a function of 

time and space in the south flank of Kilauea. On average, the azimuth of the 

greatest principal stress is oriented approximately SE but its plunge changes as 

a function of time and space between 0° and 64°.

3. Average misfits between 3.0° and 6.0° were obtained in most subvolumes 

where inversions were performed separately, suggesting that the stress tensor 

was homogeneous within them.

4. The only significant temporal change of stress tensor orientation we found, 

occurred in 1979 and exceeded 20°. We interpret it as due to the unusually fre

quent intrusions in the east rift zone during 1975-1981. Based on our data, we 

suggest that the magma intrusions (in 1979 and after) may have extended to 

depths of about 10 km.
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5. Changes in the style of faulting in the south flank of Kilauea were detected as 

a function of time. Slip on a decollement plane in the large Kalapana earth

quake of 1975 (M=7.2) resulted in the appearance of normal faults in its back

ward quadrant where an extensional local stress regime was induced. The per

centage of failure on reverse faults was higher from 1972 to 1983 than after

ward. We interpret this as a consequence of a rotation of the stress tensor, 

starting in 1979, from an optimal to a less favorable orientation for faulting on 

the reverse faults. At the same time, this rotation changed the geometry for 

decollement faulting from unfavorable to optimal, resulting in an increase of 

the percentage of decollement earthquakes.

6. Based on our test of choice of fault planes and other independent observations, 

we propose that for the reverse faults planes oriented approximately parallel to 

the rift and dipping at 60° to 70° are the planes of faulting. For the normal 

faults, the planes approximately parallel to the rift and dipping at 40° to the 

southeast are proposed as the fault planes. Based on overwhelming indepen

dent observations, we proposed that the nearly horizontal plane is the fault 

plane for the decollement-type focal mechanisms.

7. Large earthquakes (5^M<7) occurring in Kilauea’s south flank are almost 

exclusively generated on reverse faults. Based on the results of the choice of 

fault planes we propose that the June 26, 1989, M=6.2, Kilauea south flank 

earthquake happened on a reverse fault striking at 49° parallel to the rift and 

dipping southeast at 63°. However, the largest earthquakes (M^7) occur on
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the decollement plane. This is the only tectonic feature in Hawaii large enough 

to generate earthquakes with M>7.

8. The greatest principal strain released by events with magnitude M<7 is 

oriented southeast in most parts and at most times, but its dip changes as a 

function of space suggesting that different types of faulting are dominant as a 

function of space in the south flank. East of longitude 155° 10’ W, the strain is 

released on reverse and decollement faults whereas west of this longitude, the 

strain is released mostly on the decollement. The inclusion of the Kalapana, 

M=7.2, mainshock in the strain calculation for each subvolume results in a 

maximum principal strain oriented southeast at 45° to the decollement.

9. Differences between stress and strain vary as a function of time and space in 

the south flank. In one crustal volume east of longitude 155° 10’ W, the 

difference between stress and strain orientation was produced by a shift of 

seismic activity from reverse faults (prior to 1975) to decollement at the time 

of the Kalapana, M=7.2, earthquake. Before the mainshock stress and strain 

were nearly horizontal and parallel and the strain was released principally on 

the reverse faults. At the time of the mainshock, the stress did not change 

orientation but all the strain was released on the decollement.

10. We conclude that the reverse faults and the decollement are weak faults which 

can slip under low shear stress. The strain was released on the decollement 

dining the M=7.2 Kalapana earthquake while the greatest principal stress was 

nearly horizontal in the volume of the crust where this event was located.
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Such an unfavorable orientation for failure may imply that high pore pressure, 

perhaps nearly lithostatic, is prevalent within the decollement fault zone and 

allows near-frictionless slip by reducing the normal stress on the fault. High 

pore pressure may also be present in the crust surrounding the decollement 

where the reverse faults are located. This allows these faults to slip after they 

became less favorably oriented with respect to the greatest principal stress due 

to the change in stress orientation which occurred in 1979.
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Table 4.1. Relationship between Fault Plane Solution Errors and Misfit from 
Stress Tensor Inversion of the Perturbed Synthetic Set.

Average Average Average Average Average

uncertainty change in misfit difference misfit

of focal P and T exact of Gj and g 3 approximate

mechanism axes method from best 

model

method A at Aa3

[deg] [deg] [deg] [deg] [deg] [deg] [deg]

5 4 3.0 3 3.8 0 3

1 0 1 1 5.7 17 8 . 2 5 16

15 14 6 . 0 2 11.5 5 7

2 0 2 0 6 . 6 77 9.6 1 0 9

30 30 10.7 23 15.8 7 17

40 38 1 2 . 0 82 18.5 5 1 1

Aci, angular difference between of the exact and approximate method. Act3, 

angular difference bewteen a 3 of the exact and approximate method.
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Table 4.2. Stress Tensor Directions Obtained with the Approximate Method
as a Function of Time and Space.

Area Time Number

of

events

<*1 ° 2 ° 3 R Average

misfit

[deg]PL AZ PL AZ PL AZ

1 1975-1979 55 60 173 13 59 26 322 0.5 9.0

1 1980-1983 8 0 235 56 145 34 325 0.8 2.8

1 1983-1992 47 46 165 2 74 44 342 0.3 6.6

2 1972-1975 22 5 81 7 172 81 317 0.4 4.3

2 1975-1979 111 5 93 23 185 66 351 0.4 8.4

2 1980-1983 67 45 142 8 240 44 338 0.4 4.6

2 1983-1992 198 40 141 6 236 49 333 0.4 5.3

3 1972-1975 13 44 135 42 343 14 240 0.8 5.7

3 1975-1979 30 30 157 6 250 59 350 0.3 4.6

3 1980-1983 33 36 155 1 246 54 338 0.4 4.1

3 1983-1992 102 41 154 1 63 49 332 0.4 2.8

4 1972-1975 16 44 154 11 53 44 312 0.4 8.8

4 1975-1979 15 2 280 88 100 0 10 0.3 5.1

4 1980-1983 13 47 141 14 246 40 348 0.5 1.9

4 1983-1992 60 40 151 2 60 50 328 0.6 3.9

5 1972-1975 23 10 206 75 337 11 114 0.7 9.5

PL, plunge; AZ, azimuth in degrees
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Table 4.3. Stress Tensor Directions Obtained with the Exact Method
as a Function of Time and Space.

Area Time Number

of

events

<*1 °2 ct3 R Average

misfit

[deg]PL AZ PL AZ PL AZ

1 1975-1992 110 64 139 4 238 25 329 0.7 6.0

3 1972-1992 165 36 155 1 246 54 338 0.4 3.6

4 1972-1992 88 41 148 2 57 49 325 0.6 4.1

2 1972-1975 22 5 86 7 177 82 320 0.4 3.6

2 1975-1979 111 7 76 33 170 56 336 0.5 6.5

2 1980-1992 265 45 145 7 242 44 338 0.5 4.5

5 1972-1975 23 7 229 82 60 1 320 0.3 6.5

Entire Set 1972-1992 784 41 150 1 241 49 332 0.4 5.8

PL, plunge; AZ, azimuth in degrees
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Table 4.4. Stress Tensor Directions Obtained with the Exact Method
, as a Function of Depth in Areas 1 and 2.

Area Depth Number <*1 °2 ° 3 R Average

of misfit

[km] events PL AZ PL AZ PL AZ [deg]

1 5.0-8.5 34 72 144 3 244 18 335 0.6 5.6

1 8.5-9.0 53 58 141 7 242 31 336 0.8 4.7

1 9.0-10.5 37 45 194 21 82 37 335 0.1 4.5

2 5.0-93 74 5 95 17 187 72 349 0.4 6.4

2 9.5-103 39 5 314 34 220 56 51 0.7 5.1

PL, plunge; AZ, azimuth in degrees
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Table 4.5. Principal Strain Directions in the South Hank of Kilauea.

Data

Set

Time ei e3

PL AZ PL AZ PL AZ

Area 1 1972-1992 61 165 6 64 28 330

Area 2 1972-1975 18 149 1 239 72 332

Area 2 1975-1979 17 115 26 213 59 356

Area 2 1980-1992 1 1 136 17 230 69 15

Area 3 1972-1992 26 153 14 57 60 301

Area 4 1972-1992 30 134 14 232 57 344

Area 5 1972-1975 52 204 31 62 19 320

PL, plunge; AZ, azimuth in degrees
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Table 4.6. Results of Test of Choice of Fault Plane.

Number of Area 1 Area 2 Area 3 Area 4 Total

reverse faulting 9 81 16 9 115

low angle plane 0 1 14 6 2 1

steep angle plane 7 62 0 0 69

decollement faulting 2 2 173 1 2 2 55 372

low angle plane 0 2 1 6 5 32

steep angle plane 5 40 19 13 77

normal faulting 43 3 8 0 64

NE striking plane 1 1 1 1 13

SW striking plane 3 0 1 4
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SOUTH FLANK OF KILAUEA

Fig. 4.1. Map of southeastern Hawaii showing the caldera of Kilauea volcano and 
its rift zones. The epicenters of the two largest earthquakes on Kilauea’s south 
flank are shown by stars. An eruption lasting for many years started in 1983 
at Puu’Oo. The south-facing normal fault system of Hilina showed secondary 
faulting in the 1975 Kalapana earthquake.
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SOUTH FLANK OF KILAUEA

Fig. 4.2. Locations of seismic stations (triangles) on southeastern Hawaii.
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Fig. 4.3. Inconsistent station polarities for the focal mechanisms as a function of the 
misfit, f, computed by the fault plane solution program.
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Fig. 4.4. (A) Histograms of the number of first motion readings, (B) of inconsisten
cies, and (C) of the misfit, f, obtained for each focal mechanism.
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Fig. 4.5. Distribution of the parameter defined as the station distribution ratio 
(STDR).
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Fig. 4.6. Distribution of the strike (top), dip (center), and rake (bottom) uncertain
ties for the focal mechanisms.
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PRE KALAPANA EVENTS

Fig. 4.7. Type of faulting in the south flank of Kilauea in the period 1972 through 
November 29, 1975 (pre-Kalapana period). The focal mechanisms displayed 
represent averages of fault plane solutions with similar orientation. A lower 
hemisphere stereographic projection is used, with the compressional quadrant 
black. Different symbols mark the epicenters of the respective fault plane solu
tions.
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Fig. 4.8. Type of faulting for the period 1975-1992 (post-Kalapana period). Same 
plot as Figure 4.7. All decollement solutions are similar (A) whereas the fault 
plane orientations of the reverse (B) and normal solutions (C) vary. Although 
the epicenters of the normal faults are concentrated somewhat north of the 
decollement and reverse activity, all three types of solutions appear to be coe
val. Given the available resolution of hypocentral depths, it is uncertain 
whether different faulting types are separated as a function of depth.
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PO ST KALAPANA EVENTS W ITH DECOLLEMENT FOCAL MECHANISMS
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Fig. 4.9. Depth distribution of the earthquakes for which we have focal mechan
isms.
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FOCAI, MECHANISMS OF EARTHQUAKES WITH M> = S, 1972-1991

Fig. 4.10. Focal mechanisms and epicenters of earthquakes with magnitude, M^5, 
which occurred in the south flank since 1972. TTie event labeled "foreshock" 
occurred 50 minutes before the 1975 mainshock.
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Fig. 4.11. Distribution of faulting as a function of time for earthquakes located east 
of longitude 155° 10’ W (group A). (Top) Decollement, (center) Reverse, (bot
tom) normal type of fault plane solutions. The bin is one year.
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Fig. 4.12 Same plot as Figure 4.11 but for the events located west of 155° 10’ W 
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EVENTS USED IN  THE ST R E SS  TENSOR IN V E R S IO N , 1 9 7 2 - 1 9 7 5

Fig. 4.13. Map of the epicenters of the earthquakes used in the inversion for stress 
for the period before (top) and after (bottom) the Kalapana 1975 mainshock. 
The rectangles define the different areas where separate inversions were per
formed.
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1983-1992

Fig. 4.14. Results of the inversion for stress using the approximate method for the different areas 
defined in Figure 4.13. Lower hemisphere projections of the best fitting principal stress axes, 
represented by a solid circle.The orientations of the stress axes falling within the 95% 
confidence range are shown by dark shaded circles (ctj) and light shaded squares (a3). The 95% 
confidence limit of 0 2 is not displayed. V OUi
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Fig. 4.15. Final results of the stress tensor inversion using the exact method for 
areas 1, 3, 4, and 5 (period 1972 through 1992). (Left column) Lower hemi
sphere projection of the P (crosses) and T (squares) axes, with the three princi
pal stresses (dots) corresponding to the best stress model. (Middle column) 
95% confidence region for CTj (dark gray) and ct3  (light gray) plotted on a 
lower hemisphere stereographic projection with the direction of best fitting 
principal stresses (dots). (Right column) Distribution of R values for the stress 
models within the 95% confidence region.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



197
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Fig. 4.16. Same plot as Figure 4.15 but for area 2 and as a function of time. Note 
rotation of a j in 1979.
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Area 1,1972-1992 Area 3,1972-1992
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Area 2,1972-1975 Area 4,1972-1992
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N

Fig. 4.17. Lower hemisphere projections of the principal strain orientations 
(numbers: l=ej, 2=e2, 3=e3) with 95% confidence ellipses. The final results of 
the stress inversion are also plotted as in Figures 4.15 and 4.16.
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Fig. 4.18. Summary of the orientations of the maximum horizontal stress in the 
south flank of Kilauea as a function of time and space. The length of the 
arrows is inversely proportional to the dip of the axes. (Top) Before the 1975 
Kalapana mainshock the stress directions in the three active volumes point 
approximately toward the main magma body south of Kilauea’s caldera. 
(Center) During the deflation period of Kilauea’s summit that followed the 
1975 mainshock normal faulting with slip perpendicular to the east rift zone 
appeared along this rift zone. (Bottom) A rotation of the stress directions in 
part of the south flank followed frequent intrusions in the east rift zone which 
were coupled with renewed inflation of Kilauea’s summit. We interpret this 
observation as indicating an extension of the source of stress from the central 
magma body below the volcano to the east rift zone segment between the sum
mit and Puu’Oo.
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DIRECTIONS OF MAXIMUM HORIZONTAL STRESS
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Fig. 4.19. Schematic cross section of the south flank of Kilauea with active faults and greatest princi
pal stress (cjj, thick arrows) and strain (ej, thin arrows) in volume 1 and 2  as a function of time. 
The strain released by the M=7.2 Kalapana earthquake in 1975 is not considered in frames A, B 
and C, although it is the dominant major contribution when it is considered (D). The crosses 
indicates the hypocenter of the Kalapana (M=7.2) earthquake of November 26, 1975. The 
decollement is indicated by the inclined line at the bottom of the volcanic edifice solid and 
dashed where faulted and unfaulted, respectively. The assumed subsurface extent of the Hilina 
Pali fault is marked by the curved thin line.
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CHAPTER 5

COMPARISON OF STRAIN AND STRESS TENSOR ORIENTATION: 

APPLICATION TO IRAN AND SOUTHERN CALIFORNIA 1

1. ABSTRACT

The directions of principal stress were estimated in Iran from 111 focal 

mechanisms of earthquakes with magnitudes 4.5<M <8 , using the inversion tech

nique described by Gephart and Forsyth [1984]. Three data sets corresponding to 

areas of 1000 km length and 200 km width located in northern and eastern Iran, as 

well as Zagros were inverted. After subdividing the data as a function of space, the 

average misfits decreased by about 2° to values between 2° and 5°. Based on 

inversion of synthetic data sets, we judge the quality of inversion results as good if 

the average misfit is less than 6 °. Thus, we conclude that the stress directions are 

homogeneous within the sub areas in Iran but not within all of Iran. Overall, the 

greatest principal stress is horizontal, approximately parallel to the direction of plate 

motion, and oriented SW-NE in the subsets of northern and eastern Iran and in cen

tral and west Zagros. Differences in the best fitting stress orientations up to 30°

i
Chapter 5 contains the complete text and figures of the manuscript, A com

parison o f strain and stress tensor orientation: application to Iran and southern 
California, by D. Gillard and M. Wyss, as submitted to the Journal o f Geophy
sical Research, 1993.
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seem to exist between these areas, but they are not resolvable at the 95% 

confidence level. For each area where the stress field is homogeneous, we computed 

the seismically released strain tensor by summing the moment tensors of the earth

quakes. We found that the strain directions are scale invariant for magnitude M<7 

and coaxial with the stress directions in northern Iran and in Zagros. In eastern Iran, 

the strain orientations vary as a function of magnitude and the stress and strain 

orientations are not coaxial. If we add events with M>7 (mostly strike-slip events) 

to the strain computation, differences on the order of 20° to 30° seem to appear 

between the greatest principal stress and strain orientations although these are not 

resolvable at the 95% confidence level.

Focal mechanisms, published by Jones [1988] for five segments of the San 

Andreas fault (SAF) in southern California, were used to compute the strain tensor 

orientations which we compared to the stress directions estimated by Jones [1988]. 

These data sampled the crust adjacent to the fault within 10 km of the surface trace 

of the SAF. We found that the directions of principal strain form an angle of 65° 

with the SAF trace and are parallel to the directions of principal stress in each of 

the five segments analyzed. Most of the faults within 10 km of SAF are favorably 

oriented for faulting at an average angle of 39° with respect to the greatest principal 

stress orientation. Adding the focal mechanism of the 1857 great California earth

quake, for which evidence of a right-lateral strike slip exist [Sieh, 1978], to the 

strain calculation introduces a difference of 2 0 ° between the greatest and least prin

cipal stress and strain orientations.
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We conclude that directions of stress and released strain are parallel in crustal 

volumes of uniform strength and without a major dominating fault, but that they 

may differ by as much as 20° to 40° along major weak faults.
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2. INTRODUCTION

Earthquake focal mechanisms are characterized by two types of uncertainties 

which have to be resolved to make tectonic interpretations based on such data. The 

first is that it is not possible to distinguish between the fault plane and the auxiliary 

plane without geological evidence of surface rupture or delineation of the fault 

plane by aftershocks. In some cases, the consistency of slip vector orientation in a 

region can provide an indication of which of the nodal planes is the fault plane. The 

second uncertainty is that of the orientation of the stress tensor causing the earth

quakes. If they occur along faults which are preexisting planes of weakness, the 

greatest and least principal stresses could be oriented almost anywhere in the 

compressional and extensional quadrants, respectively [McKenzie, 1969]. Therefore 

it is often a poor approximation to interpret the P and T axes as the directions of 

greatest and least principal stresses. McKenzie approached this problem asking the 

question of what is the orientation and magnitude of principal stress that would pro

duce slip in the observed direction on the pre-existing fault plane, rather than 

assuming that rock is freshly broken. This question can be answered by assuming 

that the slip on the fault plane occurs in the direction of the resolved shear stress 

[Wallace, 1951, Bott, 1959; McKenzie, 1969], If a crustal volume contains many 

different planes of weakness available for faulting, the application of a single stress 

tensor would produce a variety of different fault plane solutions that have slips in 

the direction of the resolved shear stress on the fault planes. It is possible to infer 

the orientation of the stress tensor from fault plane solutions by assuming homo

geneity of the stress tensor to explain the diversity of faulting in a volume of the
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crust and by proposing that slip is parallel to the resolved shear stress on the fault 

planes. Based on these two assumptions many authors [e.g. Angelier, 1979, 1984; 

Michael, 1984; Gephart and Forsyth, 1984] have developed methods to estimate the 

direction of principal stresses and the ratio of their relative magnitudes. The results 

indicate that the P and T axes should no longer be used to infer the orientation of 

tectonic stresses. A similar conclusion was reached by Handin [1969] based on 

laboratory experiment of rock failure in the presence of pre-exisiting cohesionless 

surfaces.

The directions of the principal strain axes are given by the eigenvectors of the 

seismic moment tensor and correspond to the P and T axes [Kostrov, 1974], These 

are always oriented at 45° to the nodal planes [Twiss et al., 1993]. The axes coin

cide with the direction of principal stress, if and only if, the fracture area is the 

plane of maximum initial shear stress, which is not true in general if slip occurs 

along an existing break. The average seismic strain released from a volume can be 

computed by summing the strain released in each earthquake using the focal 

mechanism data and the scalar seismic moment [Brune, 1968; Kostrov, 1974] if we 

assume that the volume can be described by a continuum model. This is so, when 

the dimensions of the deforming crustal volume are large relative to the average 

spacing of the faults. The direction and the magnitude of the principal strain can be 

estimated by this method, as well as the strain rate. If the time spanned by the 

earthquakes is longer than the recurrence interval of the largest earthquake in the 

volume, one may quantitatively compare the seismic strain release rate with the rate 

of plate motion to infer the ratio of seismic to aseismic deformation along plate
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boundaries or in continental collisions [e.g., Brune, 1968; Jackson and McKenzie, 

1988; Ekstroem and England, 1989]. In this paper, the word "strain" will be used to 

mean "the average incremental seismic strain released by earthquakes in a crustal 

volume".

The stress tensor orientation inferred from focal mechanism data results from 

tectonic forces applied to a particular volume of the crust. The seismic strain 

released from this particular volume can be computed from the same focal mechan

ism data using Kostrov's technique [1974]. The main purpose of this paper is to 

compare the orientation of the stress and strain tensors in a particular crustal 

volume. If a volume of material contains a dominant plane of weakness with low 

shear strength, the orientation of the stress and strain direction could differ 

significantly because slip can occur on this plane with a shear stress lower than the 

maximum shear stress [McKenzie, 1969]. In this situation, the principal strain 

would be oriented at 45° from this plane, independent of the strength of the fault, 

whereas the principal stress could be at a greater or smaller angle from the fault. 

Such a difference was observed in the Kaoiki area, Hawaii [Wyss et al., 1992], and 

in Western Hawaii [Gillard et al., 1992]. In a material which is relatively uniform 

in strength, we would expect that the stress and strain directions are close to each 

other and perhaps even the same. This would happen if faults present are not pro

nounced zones of weakness.

The areas that we have investigated in this paper are Iran and the San Andreas 

fault (SAF) in Southern California. There are two motivations for choosing these
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areas. First, they represent two different tectonic environments where we may 

expect significant differences in the results of the comparison between stress and 

strain. Iran is an area of continental collision where no single large fault is taking 

up plate motion. Instead three wide (200 to 300 km) seismically active areas sur

rounding a zone of relatively low seismicity (Central Iran) delimit what has been 

proposed as the Iranian plate [McKenzie, 1972; Jackson and McKenzie, 1984, 1988] 

(Figure 5.1). The SAF is more comparable to an oceanic plate boundary because 

most of the plate motion is accommodated by it and a few large faults with a rela

tively narrow zone of deformation (100-200 km) [Ekstroem and England, 1989] 

(Figure 5.2). The second reason for our choice is that both areas have been studied 

in detailed by other authors [Jackson and McKenzie, 1988; Jones, 1988] and there

fore we can use their published fault plane solutions and results in our analysis.

The deformation rate predicted from plate motions in northern and eastern Iran 

is mostly taken up seismically, while in the Zagros area only 10 percent or even 

less of the deformation can be explained seismically [Jackson and McKenzie, 1988]. 

In this paper, we will compute the stress tensor orientation following Gephart and 

Forsyth's method [1984] using the data published by Jackson and McKenzie [1988] 

as well as additional data from the Harvard catalogue of moment tensors, and com

pare it to the strain orientation computed with Kostrov’s method for the three major 

seismically active areas in Iran. If plate motion is accommodated by wide zones of 

deformation in continental collision rather than along one major fault, it may sug

gest that the strength of the crust is uniform and the faults are mostly formed by the 

current stress system. Thus, the strain and stress tensor orientation should be
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similar.

The SAF in central California has been described by many authors [Oppenhei- 

mer et al., 1988; Zaback et al., 1987; Zoback and Beroza, 1993] as a weak fault 

where the greatest principal stress is horizontal and forms a high angle ( ^ 60°) 

with the strike of the fault. Jones [1988] investigated the orientation of the stress 

as a function of space along the strike of the SAF in Southern California. She found 

that the maximum horizontal stress is at a high angle to the fault (65°) and that it 

changes orientation significantly (35° over 400 km) as the strike of the fault varies. 

She also compared the stress tensor orientation to the principal horizontal strains 

recorded geodetically and noticed a significant difference between the two in some 

areas. In a second part of our study, we will compute the strain tensor by summing 

the seismic moment tensors [Kostrov, 1974] obtained from the focal mechanisms 

data published by Jones [1988] to compare the stress and strain release orientations.

This study is also a test of how the stress tensor inversion method performs on 

a large scale (hundreds to a thousand kilometers). Is the assumption of homo

geneity fulfilled? Are stress inhomogeneities resolvable in such large areas? How 

good and how stable are the results of the stress tensor computation? Answering 

these questions is important in assessing whether the assumptions of the method of 

retrieving the stress orientations from focal mechanisms are fulfilled.
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3. METHODS

3.1. Inversion of stress

The stress inversion method designed by Gephart and Forsyth [1984] and 

Gephart [1990] retrieves from the focal mechanism data, the direction of the three 

principal stresses (a 1XJ2 >o 3 ) and the ratio R

u2~°i
R = i h r  (1)a 3 ~ ° l

which governs the projection of the shear stress into any given fault plane. This is 

possible if we assume that the slip on a fault plane is in the direction of the 

resolved shear stress [Bott, 1959]. Through a grid search over the entire focal 

sphere, sampling the space of the three resolvable model parameters (cr^o^o^,) and 

varying the R value between 0 and 1, with small, constant, incremental steps, one 

can retrieve the stress tensor orientation with the smallest misfit. For each orienta

tion of the stress tensor and each value of R between 0 and 1, one can compute the 

misfit of each nodal plane. The misfit is defined as the minimum rotation about any 

arbitrary axis that brings the observed focal mechanism into coincidence with any 

mechanism that fits the stress model in which the slip direction matches the 

predicted resolved shear stress direction on one of the two nodal planes. Each fault 

plane solution will receive two misfits, one for each nodal plane, and the smaller of 

the two is used in the computation of the average misfit. This procedure chooses 

one of the two nodal planes as the preferred fault plane in the absence of an 

independent means for identifying the true fault plane. The stress model with the
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smallest average misfit is the optimal stress model. Confidence limits can be derived 

using the one-norm misfit statistics [Gephart and Forsyth, 1984; Parker and 

McNutt, 1980]. The confidence limit is a measure of the degree of constraint of the 

data set, whereas the average misfit indicates the quality of the result. As an illus

tration, one could imagine applying the inversion procedure to a data set composed 

only of one type of fault plane solutions with identical orientation along one major 

fault. It would certainly be possible to find a best fitting stress model with a small 

misfit but the confidence limits would be very large. Many stress directions would 

be almost equally admissible because of the lack of constraint, as with a single fault 

plane solution.

The constraint in this inversion procedure comes from the diversity of the type 

of focal mechanisms. A volume of the crust may contain faults of different orienta

tion, producing a variety of focal mechanisms in response to the application of a 

single stress tensor orientation. In order to retrieve the stress directions from such a 

data set using the method described , it is necessary to assume that the stress tensor 

is spatially homogeneous. This inversion technique will give a solution which is an 

average if data sets from different volumes with significantly different stress tensor 

orientations are mixed [Michael, 1987], This is a potential pitfall of the method, 

against which we attempt to guard by applying the following procedure. Crustal 

volumes of interest are subdivided for separate analysis. If the inversion leads to 

different results in the sub-volumes with significantly reduced average misfits, the 

result for the over-all volume is rejected because the assumption of homogeneity is 

not fulfilled. If the results for all subvolumes and the over-all volume agree and
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have similar misfits, we accept them as valid, because it is reasonable to propose 

that the stress tensor orientation is homogeneous throughout these volumes. The 

criteria for subdivision are based on the distribution of epicenters. Spatial gaps in 

seismicity mark the limits between the different subvolumes. Tectonic fabrics, like 

change in the strike of a major fault, are used also to define subvolumes. The aver

age misfit is considered "small" if it can be attributed to uncertainties in the fault 

plane solutions as explained in the following paragraphs.

3.2. Misfit as a function of fault plane solution errors

The meaning of the size of the misfit, F, in the inversion technique used is not 

well understood, except that F=0 for a perfect match. We investigated the meaning 

of the size of misfit, F, by perturbing the strike, dip and rake of an error free syn

thetic data set. Using a set of observed earthquake focal mechanisms, we created 

an error free synthetic set by adjusting the fault plane solution such that the slip 

vector on one of the nodal planes coincides with the predicted slip direction on this 

plane corresponding to the correct stress model. We perturbed the strike, dip and 

rake of each focal mechanism by adding random errors normally distributed around 

a zero mean and with standard deviations of 5°, 10°, 15°, 20°, 30°, and 40°, respec

tively. We chose the data set composed of the focal mechanisms ( 23 events) of 

Area 1 in northern Iran to generate the synthetic sets and the correct stress mcdei is 

the best fitting stress model obtained from the inversion of the observed focal 

mechanisms in Area 1 as shown in Table 5.3.
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Table 5.1a presents the results of this error test. The second column in Table 

5.1a, indicates by how much the focal mechanisms changed after perturbation. By 

perturbing simultaneously the strike, dip, and rake, we don’t know how the errors 

propagate. For that reason we compared the P and T axes of the perturbed and 

unperturbed set to have a better measure of the amount of change induced in the 

focal mechanism by the perturbation. The last column represents the angular 

difference between the correct stress model and the best fitting stress model of the 

perturbed set.

The correct stress model is retrieved within less than 10° for average uncer

tainties of focal mechanisms from 5° to 20° and average misfits less than about 6 ° 

(Table 5.1a). For focal mechanism uncertainty of 30° and 40°, the misfits are 8.5° 

and 7.6° respectively, and the correct model is retrieved within 11° and 23° respec

tively. These synthetic sets are not sensitive to perturbation because the correct 

model is retrievable within 1 1 ° for errors on the focal mechanism as large as 30°.

In a second experiment, two synthetic sets with radically different best fitting 

models but the same number of events were mixed. The two different synthetic sets 

represented a thrust (synthetic 1 ) and a normal faulting (synthetic 2 ) environment, 

respectively (Table 5.1b). The stress inversion of the mixed set gave a best model 

with misfit of 6.3° (Table 5.1b). This experiment together with the previous one 

seems to indicate that a misfit around 6 ° represents a critical threshold in the assess

ment of the quality of the inversion.

Based on these tests, we propose that the inversion results with misfits smaller
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than 6 ° represent data from crustal volumes with approximately homogeneous stress 

tensor orientation. If the misfit is larger than 6 °, we believe that the data are not 

from a volume where the stress orientation is homogeneous. We will try to subdi

vide volumes with misfits around 6 ° or above, into subvolumes such that the misfit 

becomes lower than 6 °. If after subdivision of a data set the misfit decreases, one 

can conclude that the size of the misfit does not depend on the error of the focal 

mechanisms because the subdivision does not affect the distribution of the errors, 

but that the data set comes from a volume with inhomogeneous stress orientation. 

The results of the first test indicate that it will be difficult to resolve any difference 

between crustal volumes because of the stability of the stress tensor inversion of 

this data set. According to our experience with a similar test applied to other data 

sets from Hawaii (Wyss et a l, 1992; Gillard et al., 1993) such stability in the 

retrieval of the correct model as the error on the data increases is not observed. 

This leads us to believe that the effect of the perturbation on the results of the 

inversion for stress orientation depends on the nature of the data set itself and for 

that reason the rules deduced from this analysis should be applied cautiously to 

other inversions of focal mechanism data in different tectonic environments. We 

suggest that such an error analysis should be done every time a new inversion study 

is undertaken.
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Kostrov [1974] demonstrated that the average strain e1;- released in a crustal 

volume V containing many active faults is linearly related to the sum of the 

moment tensor of all the earthquakes within this volume:

^  = (2)
The seismic moment tensor M-j of the kth earthquake is given by

Mfj -  (ufrij + ufnf)j  (3)

where n f  is a unit vector normal to the fault-plane and u f  is a unit vector parallel 

to the slip direction. These two vectors are determined by the fault plane solutions. 

The scalar moment M 0  is computed from the moment-magnitude relationship 

appropriate for the studied crustal volume. The shear modulus (I can be derived 

from the velocity structure.

In this study, we are interested in the orientation of the axes of principal strain. 

They represent the eigenvectors of the resulting seismic moment tensor. They are 

independent of the volume V and the shear modulus Jl. In order to compare the 

orientation of the principal strain axes to the orientation of the principal stress axes, 

it is necessary to estimate the uncertainty with which the principal strain direction 

can be calculated. We followed the error analysis described by Wyss et al. [1992] to 

determined the error ellipses describing the 95% confidence ranges. In order to 

compute the error ellipses, one needs to estimate the uncertainties of strike, dip, 

rake as well as ML and M 0  assuming that they are independent of each other and

3.3. Strain calculation
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that no systematic errors are present.

3.4. Comparison of the two methods

The method of inverting focal mechanism data for stress orientation determines 

the direction of principal stresses by minimizing the difference between the 

observed and predicted slip direction. The resulting stress directions reflect the total 

regional stress field in a volume. Only the directions of principal stress and the 

ratio of their relative magnitude can be determined because this method deals with 

slip directions on planes and not with absolute magnitudes of stress. The stress cal

culation does not depend on the magnitude of the events. Each earthquake contri

butes the same amount in the computation of the stress tensor direction, except for 

a weight depending on the quality of the mechanism. Diversity in the type of fault

ing within the volume considered constrains the inversion and the homogeneity of 

the stress field is a necessary assumption.

The strain is computed directly from the observed data because the tensor of 

the seismic moment is completely determined by the focal mechanism and the 

scalar seismic moment of an earthquake. The resulting calculated strain describes 

the seismic deformation produced by the earthquakes occurring within a volume of 

the crust. From equation 3, one notices that the scalar moment M 0  weighs the sum

mation of the seismic moment tensor of each event. Thus, if an earthquake much 

larger than the others is included in the data set, it will have a dominant influence 

on the magnitude and direction of the average strain. For that reason, one must 

sample all the largest earthquakes within the period considered, if one is interested
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in comparing the deformation rates obtained from earthquake data with the long

term geologic rates. It can be crucial for the estimate of strain directions to include 

or exclude the largest event. If the largest event ruptures a major weak fault 

unfavorably oriented with respect to the stress directions, the strain released in the 

volume may not be coaxial with the stress.

The influence of the weight in the strain tensor method can be assessed by 

computing the strain tensor orientation for different magnitude bands within a 

regional data set, provided that the events within a particular magnitude band con

tribute more or less equally to the strain calculation (Marrett and AUmendinger, 

1990). If the strain orientations do not change significantly as a function of magni

tude, the kinematics of the fault population is scale invariant and consequently the 

comparison of the stress and strain becomes independent of the size of the events.

The stress inversion method assumes that the stress field is homogeneous in 

the crustal volume of interest and that the earthquakes located within this volume 

and selected for the inversion are representative of the stress field. For the strain 

calculation, no assumption of spatial homogeneity of the strain field is required, but 

testing for spatial variations of the strain field can be done also by analyzing sub

groups of data and comparing their strain directions. The confidence ellipses com

puted following the error analysis proposed by Wyss et al. [1992] allows to asses 

the significance of any possible spatial or temporal variation of the strain field.

The results of the comparison of the two methods will show that stress and 

strain may be coaxial or not. If they are coaxial, one could conclude that the stress
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or strain field has been successfully determined because both methods give the same 

answer as one would expect in a linear isotropic elastic medium. If there is a sta

tistically significant difference between the stress and strain results, the reason may 

be that the crust is heterogeneous in strength or that one or both methods failed.

4. IRAN

4.1. Data

The data set of Iranian earthquakes used in this study consists of 111 events 

covering a period from 1909 to 1992 with magnitude m s^4.5, extracted from a list 

of 166 earthquakes with published focal mechanisms (Figure 5.1) (Table 5.2). The 

fault plane solutions published by McKenzie [1972], and Jackson and McKenzie, 

[1984, 1988] have been obtained from first motion polarity readings of long period 

seismograms. These authors have adjusted the velocity at the focus by trial and 

error and found that it was possible to fit two orthogonal nodal planes to the data 

using a crustal velocity of 6 . 8  km/s. We consider these fault plane solutions (49 

events) reliable because of the careful way in which they were computed. 

Nevertheless, no estimate of the errors on strike, dip and rake have been proposed. 

The epicenters of the events instrumentally recorded are accurate to about 20 km 

[Jackson and McKenzie, 1984] but their depth uncertainty is larger because the 

depth determination relies only on the first P arrival and not on pP. The events 

recorded prior to the installation of the WWSSN network have less reliable loca

tions and fault plane solutions, because their locations are based on macroseismic 

maps [Jackson and McKenzie, 1984], Seven focal mechanisms are from Jackson

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



218

and Fitch [1981] who used waveform modelling to compute the fault plane solu

tions. These are the most reliable mechanisms because the depths of the events 

could be estimated with an accuracy of 6  km [Jackson and Fitch, 1981] and an 

average of 10 stations was used by the authors to model the P wave. We also used 

16 solutions published by Sborschichkov et al. [1981] for which it was not possible 

to assess the quality. Two solutions came from Berberian [1982] and were judged 

to be of good quality. The remaining 51 fault plane solutions were obtained from 

the Harvard catalog of moment tensor solutions for global seismicity available on 

CDROM from the USGS and on the IRIS bulletin board. These solutions are 

computed routinely with the centroid-moment tensor (CMT) method described by 

Dziewonsky et al. [1981]. The depths derived from the CMT method also have large 

uncertainties because of the poor depth resolution that is available from long period 

seismic waves. No estimate of the accuracy of the focal mechanism is given by this 

method. We have given the same weight to all solutions used in this analysis 

because of the lack of knowledge of the errors on strike, dip and rake. Since the 

depth of the events is in general poorly known, we did not set a depth cutoff in 

selecting the data. Instead, we will test our results by removing events deeper than 

40 km to observe how this affects the estimate of the orientation of the principal 

stress tensor direction. Results from studies of the depth of seismicity in Zagros 

show that few of the large earthquakes nucleate at depths greater than 15-20 km 

[Jackson and Fitch, 1979, 1981; Jackson, 1980; Jackson and McKenzie, 1984]. 

Because of the depth uncertainty, we assume that any events given with depth shal

lower than 40 km are likely to be in the crust.
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We subdivided the data into three sets corresponding to the three major tec

tonic areas of Iran. Alborz, which is located just south of the Caspian sea, 

represents area 1 (Figure 5.1). The focal mechanisms of these events are composed 

of 15 thrust mechanisms, 6  strike slip, and 2 normal faults (Figure 5.3). Area 2, 

located in eastern Iran, is characterized by a mixture of 15 thrust mechanisms and 

14 strike-slip events (Figure 5.1 and 5.4). The four northernmost events of area 2 

are also part of area 1. The Zagros mountains, extending from the west to the south 

west of Iran delimits area 3 (Figure 5.1). Out of a selection of 78 events located 

along this seismic belt, 54 have fault plane solutions of thrust type. The remaining 

solutions are split into 7 normal and 14 strike-slip events (Figure 5.5). Each of 

these three areas will be subdivided again (area lb, 2b, 3a-b-c) (Figure 5.1) to test 

the hypothesis of stress homogeneity. This task is important because the selected 

areas have dimensions of hundreds of kilometers and the stress field may vary 

within such large areas. The subdivision of the main areas into sub-areas follows 

the spatial distribution of epicenters without consideration of the type of focal 

mechanisms. The orientation and size of theses three areas coincide with the ones 

chosen by Jackson an Mckenzie [1988] for the computation of the strain tensor.

4.2. Results from the inversion for stress directions

The inversion of slip data from focal mechanisms was applied to the different 

subsets of data using all the focal mechanisms available. After this first computation 

we noticed that the fault plane solutions published by Sborschichkov et al. [1981] 

had individual misfits larger than the rest of the solutions within the set in areas 2 ,
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3a and 3b. The size of these anomalous misfits ranged between 10° and 25°. As 

these authors did not discuss the quality of their focal mechanisms we suspected 

that this part of the data set may be inferior to the rest. For that reason, we 

excluded these solutions from our data. The results presented below were obtained 

without using the focal mechanisms published by Sborschichkov et al. [1981].

4.2.1. Alborz

The inversion of the 23 fault plane solutions composing the data set of area 1 

gave a best model with the direction of the greatest principal stress oriented hor

izontally NE, and the least principal stress vertically (Table 5.3). The average misfit 

for the best model is 8.4° and the R value is equal to 0.4 (Table 5.3). Two focal 

mechanisms of normal fault type received the largest misfits (21.9° and 26.3 ) and 

in total four had a misfit greater than twice the average misfit.

To see if the discrepancies could come from a spatially heterogeneous stress 

field, we inverted a subset of fault plane solutions corresponding to the events 

located in area lb (Figure 5.1). The stress tensor orientation obtained from this sub

set is similar to the one of area 1 within about 20° (Table 5.3). The average misfit 

was reduced to 5.0° (Table 5.3). is horizontally oriented NE and ct3  quasi verti

cal (Figure 5.6). The 95% confidence regions cover a large area of the focal sphere 

(Figure 5.6). Two solutions had an individual misfit larger than 10° (10.3° and 

12.7°). Only one of the normal fault solutions was present in the subset covered by 

area lb, the solution with the individual misfit equal to 1 0 .3 °.
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4.2.2. Eastern Iran

Two inversions were done in area 2 to test the homogeneity of the stress ten

sor. First, the inversion for the whole area gives an average misfit of 5.2° and a R 

value of 0.5. is horizontal pointing N-NE and a 3  is vertical (Table 5.3). The 

maximum misfit for a single observation is 24° and 5 fault plane solutions have a 

misfit larger than 1 0 ° in area 2 .

The inversion for the subset of area 2b, gives an average misfit of 4.0° and the 

stress orientation could not be distinguished from that of the whole region 2  at the 

95% level, is horizontal and points toward NE and a 3 is vertical (Figure 5.6). 

The angular difference between the principal axes of area 2 and 2b are 32° and 11° 

for ct1 and cr3  respectively. For the data in area 2b, the highest misfit is 21° and 

only two other focal mechanisms have misfits greater than 10° but less than 15°.

4.2.3. Zagros

We computed the orientation of the stress tensor from the three subsets of 

focal mechanisms (area 3 a-c) defined in Figure 5.1. In area 3a the misfit is 2.8° 

(Table 5.3) which is the smallest average misfit of all the inversions in this study. 

The largest misfit for a single focal mechanism in this dataset is 7.3°. The 95% 

confidence limit for ct3 covers a band on the stereographic projection from SW-NE 

to SE-NW (Figure 5.7). ct3 is also well resolved, although the 95% confidence 

region is somewhat larger and forms a branch toward NW on the stereographic pro

jection (Figure 5.7). The frequency distribution of R values is wide and slightly 

skewed toward values smaller than 0.6 (Figure 5.7). The R value obtained for the
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best model is 0.5. The greatest principal stress is oriented horizontally at an azimuth 

of 216° and the least principal stress is vertical (Table 5.3 and Figure 5.7).

Area 3b had 7 events listed with depth between 40 and 84 km. When we 

excluded from the data set of area 3b all the events with depth deeper than 40 km, 

the average misfit decreased from 7.2° to 6.5° (Table 5.3) and the orientation of the 

stress tensor did not change significantly. Further attempts to subdivide area 3b 

into subsets according to distribution of seismicity did not change the results but 

removing the data published by Sborschichkov et al. [1981] decreased the average 

misfit significantly to 4.6° (Table 5.3).

In area 3b the 95% confidence limit is tight (Figure 5.7), the R values are con

centrated around 0.3. The largest individual misfit is 14.9° and 4 focal mechanisms 

have misfit larger than 10°. The greatest principal stress is approximately horizon

tal and has an azimuth of 207° and the least principal stress is vertical (Figure 5.7). 

The greatest and least principal stress vary by about 15° between area 3a and 3b but 

this difference is not significant at the 95% confidence level.

In Area 3c most focal mechanisms are similar to each other. This can be seen 

in the distribution of P and T axes in Figure 5.7. For that reason, the inversion is 

not well constrained and the 95% confidence region is very broad although the 

average misfit is only 4.3° (Figure 5.7 and Table 5.3). The greatest principal stress 

is horizontal and its azimuth is 137°. ct3 is vertical and 0 2  is quasi horizontal and 

oriented at an azimuth of 41°. The R value for this best stress model is low 

(R=0.2) which implies, according to equation 1, that a j  and 0 2  have similar magni

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



223

tudes. The mechanisms with the largest misfits are two thrust faults which received 

a misfit of 21.3° and 14.3° and one normal fault with misfit 22.7°. The event of 

1974/12/02 (misfit=21.3°) is a thrust event with nodal planes transcurrent to the 

folding axis of the Zagros mountains. It was checked carefully by Jackson and 

McKenzie [1984] but they confirmed the focal mechanism as being correct. Because 

of its small size = 5.4) (Table 5.2) , this event may be dependent on the local 

stress field which may be different from the overall stress field that we are measur

ing.

4.3. Discussion of the stress tensor analysis

According to our error analysis, the first results of the stress inversion for the 

large areas (1, 2 , 1 and 2, 3a and 3b) were unacceptable because each average 

misfit was about 6 ° or larger (Table 5.3, number in parenthesis). Such average 

misfits are indicative of errors in the data larger than 2 0 ° or that the stress field is 

not homogeneous within the area. We discovered that fault plane solutions pub

lished by Sborschichkov et al. [1981] were responsible for the size of the average 

misfit in areas 2 and 3. After removing these fault plane solutions from our data 

sets, the average misfits decreased by about 0.4° in area 2 and 2.8° in area 3 a and 

b suggesting that these fault plane solutions were of poor quality.

Subdividing areas 1, 2 and 3 into smaller areas (lb, 2b, 3a , 3b, and 3c) 

improved the results of the stress inversion significantly. All the average misfits of 

the subsets are less than or equal to 5 while the average misfit for all Iran is 7.2° 

(Table 5.3). This indicates that the stress field is homogeneous within these areas
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We conclude that the stress orientations are similar along all plate boundaries 

over length scale of a thousand kilometers. Dividing the large areas into subregions 

reduces the misfit and improves the results of the inversion. This implies that the 

stress orientations in the subsets are different from those in the larger sets. Thus the 

larger misfits observed in the large areas are not due to data errors but to the inho

mogeneity of the stress field within these regions. The differences in stress orienta

tions between a large set and a subset typically vary, between 15° and 20° (Table 

5.3), and are difficult to resolve at the 95% confidence level by the available data.

Gephart’s inversion method performs as well on a large scale (hundreds to a 

thousand kilometers in Iran) as it does on a small scale (ten to fifty kilometers in 

Hawaii) [WyK et al., 1992; Gillard et al., 1992], As in Hawaii, the misfits for the 

sets with homogeneous stress orientation are around 4°, the results are stable and 

although stress differences are not resolvable at the 95% confidence level, they can 

be detected. This outcome may seem surprising since over such distances (a few 

hundred to a thousand kilometers), the stress field is more likely to change than 

over short distances. On the other hand, stress heterogeneities due to fault interac

tions are more likely to perturb the solution at smaller scales. If the fault dimen

sions are much smaller than the size of the crustal volume considered, one can 

expect that local heterogeneities average out and their influence on the stress inver

sion becomes negligible. The ratio of the length of the seismic source to the length

and that data errors are less than 15°. The solutions of the inversions are stable

within each subset.
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of the studied areas is the same for Hawaii and Iran. In Hawaii, a fault length of 

0.5 km for magnitude 3 earthquake in areas about 10 km long (Wyss et al., 1992; 

Gillard et al., 1992) gives a ratio of 0.05. In Iran, magnitude 6  earthquakes are used 

which have an estimated source length of about 2 0  km in areas covering distances 

of about 500 km, giving a similar ratio of 0.04.

4.4. Strain tensor orientations

We computed the strain in each area where the stress was considered homo

geneous (misfit ^ 5°, area 2b, 3a, 3b, 3c). We used the moment magnitude rela

tionship derived by Dziewonsky and Woodhouse [1983] based on worldwide data 

from the Global Digital Seismic Network (GDSN), logA/0=l .5MS + 16.0, to com

pute the moment of each earthquake. We estimated the uncertainty of the fitting 

process of the moment-magnitude relationship to be ±0.3. We chose the error esti

mate of ±0.2 for magnitude as proposed by Dziewonsky and Woodhouse [1983], 

Using the error propagation law for products, we estimated the uncertainty on the 

logarithm of M q to be ±0.3 and the standard deviation AM 0  = 1.0M0. To be con

servative, we assumed 15° errors for the strike, dip, and rake of the focal mechan

isms used in this study. Using these error estimates, we computed the 95% 

confidence limit on the greatest and least principal strain directions following the 

procedure described by Wyss et al. [1992].

The weighting effect produced by the moment was tested by determining the 

strain tensor orientations as a function of magnitude in four ranges for each data 

set; 4.0^M^5.0, 5.(KM <16.0, 6.CKMK7.0, 1,CKM^8.0. The number of events varied
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within the ranges, but in the majority of them, most events contributed more or less

equally to the strain calculation (Table 5.4).

In Alborz (area lb) the least principal strain is more or less vertical for all 

magnitude ranges except for the two largest events. The greatest principal strain is 

horizontal through all magnitude bands, but azimuths vary between EW-NS. Large 

overlapping confidence ellipses indicate that these differences are not significant at 

the 95% confidence level. For M <.7 the greatest principal strain is horizontal and 

has an azimuth of 22° and the least principal strain is vertical (Table 5.4). If one 

adds the events with M>7, the strain orientations change by about 40° but this 

difference is not significant because the 95% confidence ellipses are large (Figure

5.8).

In eastern Iran (area 2b), the greatest principal strain is horizontal and does not 

change orientation significantly as a function of magnitude band (Table 5.4, Figure

5.9). It is oriented horizontally at an azimuth averaging N39E. The least principal 

strain orientation has a constant azimuth of about N47W through all magnitudes but 

its plunge is horizontal for magnitudes greater than 6  and about 45° steeper for 

magnitudes smaller than 6  (Table 5.4, Figure 5.9). Computing the strain orientations 

for 4<,M<,6 and 6<M<,S separately shows that e3 changes orientation significantly 

(Figure 5.9).

In Zagros, the directions of principal strain are invariant as a function of mag

nitude for M <,7 in each sub-area 3a, 3b, 3c (Figure 5.8). Differences in the orienta

tion of Ej as well as e3 among magnitude bands are less than 15° in area 3a and 3b.
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These differences cannot be resolved at the 95% confidence level (Figure 5.8). In 

area 3c, differences are even smaller (less than 5°). The average strain orientations 

in area 3a and 3b are characteristic of a thrust environment with horizontal point

ing NE and e 3  vertical (Figure 5.8). The average principal axes differ by less than 

15°. Area 3c, also has a strain field of thrust type but the greatest principal strain 

axis is oriented NS. The difference in strain orientation between area 3c and area 3a 

and 3b is about 20° and 30° respectively but they are not resolvable at the 95% 

confidence level. In area 3a, the strain field computed for all magnitudes 

corresponds to the strain produced by one event of magnitude 7.4 (Figure 5.8) and 

differs significantly from the strain obtained for M<7.

We conclude that the strain orientations in Alborz and Zagros are scale invari

ant within the magnitude range 4<M <7 and have similar directions within 15° (area 

lb and 3a and 3b) and 30° (area lb and 3c). The largest difference cannot be 

resolved with the available data. However in eastern Iran, the strain directions are 

not scale invariant; significant differences on the order of 45° to 90° in the direc

tions of the least principal strain are detected as a function of magnitude (Figure

5.9).

4.5. Comparison of stress and strain tensor orientations

The stress tensor orientation in Alborz and Zagros were compared to the strain 

tensor orientation computed for the magnitude range 4<M <7 because within that 

magnitude band the strain is scale invariant. We found that the principal stress 

directions are approximately coaxial with the principal strain directions. None of the
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differences between the two, which are in the order of 20° to 30°, are resolvable 

(Figure 5.8). In area 3c (east Zagros), the greatest principal stress is poorly resolved 

because most of the events have the same type of focal mechanism, therefore the 

30° difference with the greatest principal strain is not significant. The tightness of 

the principal strain orientation as a function of magnitude is another indication of 

the lack of variety in the type of faulting in area 3c. We interpret the coaxiality of 

the stress and strain tensor orientation as an indication of the uniformity of the 

strength of the crust in Alborz and Zagros. If the largest events (M>7) are included 

in the strain computation, the greatest principal stress and strain differ by about 2 0 ° 

to 30° and the least principal stress and strain axes differ by more than 50° (Figure

5.8). The largest events in area lb and 3a are strike-slip events (January 23, 1909, 

M=7.4; June 20, 1990, M=7.7) (Figure 5.1).

In area 2b, the greatest principal stress axis is approximately parallel to the 

greatest principal strain axis for magnitude M<7 (Figure 5.9). Significant 

differences appear between the orientations of e3  and ct3. This difference is most 

significant for the largest magnitudes because two of the three largest events are 

strike-slip type (September, 31, 1968, M=7.3; November 27, 1979, M=7.1) (Figure 

5.1) and they completely control the resulting strain field. The angular difference 

between d j and £j for 0<M<8 in eastern Iran is about 20° but this difference is not 

resolvable at the 95% confidence level.
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We successfully determined the stress field in Iran from focal mechanism data 

and we found that within large areas, hundreds to one thousand kilometers long and 

200 to 300 km wide, the stress field is homogeneous. Differences of approximately 

2 0 ° in the orientation of the stress as a function of space exist but they are small 

considering the size of the regions studied. Overall, the greatest principal stress in 

Iran is horizontal and oriented approximately NE-SW, and the least principal stress 

is vertical. This stress field is consistent with a a model of continental collisions 

with large forces acting at the plate boundary as suggested by McKenzie [1972]. 

Also, the greatest principal stress axes are approximately parallel to the direction of 

plate motion measured relative to Eurasia by McKenzie [1972] (Figure 5.10). The 

consistency in the stress orientations between Zagros, northern Iran and eastern Iran 

suggests that compressive stresses generated by the collision of the Arabian plate 

with the Iranian plate along Zagros are transmitted through the rigid central Iranian 

plateau to northern and eastern Iran. This interpretation has been proposed by 

Ambraseys and Melville [1982] who suggested that the buoyancy force due to the 

elevation of the Zagros mountains is high enough to prevent further crustal thicken

ing and the relatively rigid central Iranian plateau is transmitting a compressive 

stress to northern and eastern Iran.

Comparing the stress and strain orientations in these three diffuse plate boun

daries (northern Iran, Zagros and eastern Iran) can provide information on the uni

formity of the strength of the crust within these regions. The coaxiality of stress and

4.6. Discussion
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strain may indicate that the crustal strength is uniform, while a significant 

discrepancy between stress and strain indicates the presence of faults with low shear 

strength. We found that the direction of the greatest principal strain is stable as a 

function of space and approximately parallel to the direction of greatest principal 

stress for magnitudes M<7 (Figure 5.10). For magnitude less than 7, in Alborz and 

Zagros, the stress and strain are coaxial suggesting that the strength of the crust is 

uniform. This is not the case in eastern Iran and when the strain is computed 

including the largest events in Alborz and Zagros. Then the greatest principal strain 

makes an angle of about 20° to 30° with respect to the greatest principal stress, and 

the least principal strain becomes horizontal. This rotation of 6 3  is due to the pres

ence of strike-slip faults on which most of the largest events (M>7) occurred in 

Iran. In eastern Iran, the discrepancy between stress and strain is most pronounced 

through the entire magnitude range because the data set used is a mixture of half 

thrust and half strike slip. We conclude that the stress regime is compressional in 

Iran but that much of the slip is accommodated on large strike-slip faults capable of 

major earthquakes.

5. SAN ANDREAS FAULT IN SOUTHERN CALIFORNIA

5.1. Data

Focal mechanisms published by Jones [1988] in a study of the state of stress 

on the San Andreas Fault in southern California have been used to compute the 

direction of principal strain. This data set consists of 138 fault plane solutions of 

small to moderate earthquakes (2.6 <, M <; 4.3) that occurred between 1978 and
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1985. They are located within 10 km of the surface trace of the SAF in Southern 

California but mostly not on the SAF itself. The fault plane solutions were 

obtained from P wave first motion polarities read by Jones from digitally recorded 

seismograms. These solutions could be determined with an accuracy of 5° in strike, 

dip, and rake [Jones, 1988]. On the basis of these mechanisms, Jones [1988] 

estimated stress directions for five segments along the SAF (Figure 5.2, modified 

from Jones, 1988) (Fort Tejon, Mojave, San Bernardino, Banning, and Indio) using 

Michael's method [1984].

In this part of our study, we computed the strain for each of the segments 

defined by Jones [1988] using the same focal mechanisms. To compute the seismic 

moment from the magnitude of the earthquakes we used the moment-magnitude 

relationship proposed by Thatcher and Hanks [1973] for southern California earth

quakes with local magnitudes ranging from about 3 to 7:

logMp = i.5M^+16.0 (4)

We estimated the uncertainty of the fitting process of the moment-magnitude rela

tionship to be 0.3 and assumed 0.2 of uncertainty on the local magnitude (ML). 

Using the error propagation law for products, we estimated the uncertainty on log 

M o to be ± 0.3 and the standard deviation AM q = I.OMq. For the uncertainties of 

strike, dip and rake we used 5°. Using these error estimates, we computed the 95% 

confidence limit on the greatest and least principal strain directions following the 

procedure described by Wyss et al. [1992].
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The Mojave and Banning segments have virtually the same strain tensors, 

characteristic of a strike-slip environment with ei and £3 , horizontal, oriented NS 

and EW, respectively, and £ 2  vertical (Table 5.5, Figure 5.2) although the strike of 

the SAF is different in the two segments (Figure 5.2). These strain orientations are 

typical of a vertical strike-slip fault striking N45W. e 2 is at 61° and 71° with 

respect to the strike of the SAF in Mojave and Banning, respectively (Table 5.6).

In the Indio segment, the strain is similar to Mojave and Banning (strike-slip 

type) (Figure 5.2) and the SAF strikes approximately N45W (Table 5.6). However, 

Ej is oriented N10E, at an angle of 58° with respect to the strike of the SAF (Table 

5.6).

Fort Tejon is characterized by a strain tensor of thrust type (Figure 5.2) with 

e 2 oriented NS as in Mojave, Banning, and almost as in Indio but with a least and 

intermediate principal strain totally different from all others. The angle between the 

strike of the SAF and £ 2 is 70° (Table 5.6).

San Bernardino, has a strain tensor of normal type with £ 3  oriented EW as in 

Mojave, Banning and Indio but with £ 1  almost vertical which is different from all 

other greatest principal strain orientation along the SAF in southern California 

(Table 5.5, Figure 5.2).

The strain field obtained from summing the moment tensor of all 138 events in 

all segments is of strike-slip type with e2 and e3 horizontal and oriented NS and 

EW, respectively. This overall orientation of the strain field agrees with the regional

5.2. Results from the strain computation
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strain orientation computed by Ekstroem and England [1989] in California for a 10 

year period between 1977 and 1987 using a moment tensor summation.

5.3. Comparison of stress and strain directions

The principal strain directions are compared to the principal stress directions 

determined by Jones [1988] using the geologically preferred fault planes. In three 

adjacent segments of the San Andreas fault (Mojave, San Bernardino, and Banning) 

the stress and strain directions are quasi identical (Table 5.7 and Figure 5.2). In the 

Fort Tejon segment, the least principal strain differs from the least principal stress 

by 25° but this difference is not significant at the 95% confidence level. The 

greatest principal stress in this same segment is only 8 ° away from the maximum 

principal strain direction. In the Mojave segment, the principal strain directions are 

parallel to the principal stress directions if we interchange 0 2 with ct3. This is possi

ble because the R value obtained for the geologically preferred plane is 0.06 [Table 

4 of Jones, 1988] which implies that the magnitude of 0 2 0 3  are the same.

The Indio segment presents a slight difference between stress and strain orien

tation. The angular difference between the greatest principal stress and strain is 18° 

(Table 5.7 and Figure 5.2). The azimuthal difference for the least principal stress 

and strain is 9°. These differences are not significant at the 95% confidence level.
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According to our starting hypothesis, the crust surrounding the SAF in south

ern California in each of the segments investigated, is homogeneous in strength 

because the principal strains and stresses are oriented in the same directions. This 

implies that most of the faults adjacent to the SAF in each segment are favorably 

oriented with respect to the greatest principal stress. This means that the angle 

between the greatest principal stress and the fault should be in the range of 30° to 

50°. For each segment, we computed this angle averaged among all the faults 

within the segment and we found average angular values of 36°, 45°, 38°, 43° and 

32° in Fort Tejon, Mojave, San Bernardino, Banning, and Indio, respectively. 

Therefore, on the average, in southern California, the greatest principal stress is 

most favorably oriented at an angle of 39° to the faults present in the crust adjacent 

to the SAF. However, except for the San Bernardino segment, the maximum hor

izontal stress is on the average at an angle of 65° to the local strike of the SAF. 

Thus, the SAF is unfavorably oriented and consequently, rupture on its surface is 

induced by low shear stresses implying that the fault is weak.

This can be seen using a three dimensional Mohr projection (Figure 5.11). 

Knowing the orientation of the principal stresses and the R value, one can construct 

a Mohr representation without knowledge of the individual magnitude of the princi

pal stresses [Jaeger and Cook, 1979; Gephart and Forsyth, 1984] (Figure 5.11). For 

each segment the best fitting stress orientations obtained by Jones [1988] are used 

to construct the Mohr circle and the state of stress on any fault plane located within

5.4. Discussion
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that segment is represented by a dot plotted in the area between the circles. The 

state of stress on a fault plane depends on the relative magnitude of th^ j t  princi

pal stresses and on the angle between the normal to the plane and the three princi

pal stress axes. If the normal to the fault plane is within the same plane as a 3  and 

a 2, or ct2  and CTj, or CTj and cr3, the location on the Mohr diagram will plot on the 

circle with the diameter cr2 -a3, or a j-a2, or a r c 3 respectively. The angle between 

ctj and the normal to the fault plane is measured around the circle with diameter 

equal to Oy-a^ and the one between o 3 and the normal of the fault plane is meas

ured around the circle with diameter equal to o 2 -o3. For example, if is perpen

dicular to the fault, the normal stress is equal to a* and the shear stress is zero. If it 

is parallel to the fault, the normal stress becomes equal to o 3  and the shear stress is 

zero.

In Figure 5.11, one can see that the normal stress resolved on the SAF is 

higher than for most of the fault planes in the surrounding crust for all the segments 

except San Bernardino where the SAF is at 43° to the maximum horizontal stress. 

Also, the shear stress resolved on the SAF is lower than for most of the fault planes 

of the adjoining crust in each segment, even San Bernardino. The Mohr circle 

shows graphically that most of the faults adjacent to the SAF are favorably oriented 

with respect to the stress field observed in the different segments, whereas the SAF, 

except in the Banning segment, is unfavorably oriented. This implies that the SAF 

is a weak fault which requires low shear stress for slip to occur and that it is sur

rounded by a strong crust. These results agree with the models proposed by Rice

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



236

[1990] and Byerlee [1990], which can explain the simultaneous failure of a strong 

crust and weak fault zone in response to a greatest principal stress oriented at an 

unfavorable angle (65°) to the plane of the fault zone, if the pore pressure is high 

(nearly lithostatic) in the crust adjacent to the fault and higher by a few percent in 

the fault zone [Zoback and Beroza, 1993].

The 1857 great earthquake with estimated magnitude, M= 8  1/4, ruptured 

approximately 400 km of the SAF, from central California to San Bernardino [Sieh, 

1978]. Geomorphological evidence suggests that the 1857 event was a right-lateral 

strike-slip earthquake [Sieh, 1978; Wallace, 1968]. If this event was included in our 

strain computation, it would make the contribution of the smaller events to the 

orientation of the principal strain negligible. Consequendy, the resulting strain 

released by this event would have the greatest principal axis at 45° to the strike of 

the SAF and at 20° from the greatest principal stress.

6. CONCLUSIONS

6.1. Iran

1. The stress tensor is not homogeneous within the three broad zones of diffuse

seismicity in northern Iran, eastern Iran and Zagros because after reasonable

subdivisions, the average misfits of the inversion procedure decrease by about 

2° and differences in stress orientations of about 20° to 30° exist.

2. The stress is homogeneous within the subregions of Iran because the results of

the inversion give average misfits lower than 5°, indicative of the good quality
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3. The overall orientation of the greatest principal stress is horizontal pointing at 

N40E and parallel to the direction of plate motion. The least principal stress is 

vertical. Differences in the order of 20° exist between the sub regions but they 

are not resolvable at the 95% confidence level by the data available.

4. The strain tensor orientations are scale invariant for M<7 and coaxial with the 

stress tensor directions in northern Iran and Zagros, indicating that the strength 

of the crust is uniform. In eastern Iran the strain directions vary as a function 

of magnitude because of the mixture of thrust and strike-slip faults. This 

causes an angular difference between the greatest principal stress and strain of 

about 2 0 ° suggesting that strike-slip faults of low resistance to failure exist in 

eastern Iran.

5. The strain orientations are not coaxial with the stress for magnitudes larger 

than 7 in northern Iran, West Zagros and eastern Iran. Differences of about 20° 

seem to exist between the greatest principal stress and strain although they 

cannot be resolved at the 95% confidence level. The majority of the earth

quakes with M>1 in Iran are strike slip. The difference between 0 \ and 

suggests that the strike-slip faults rupture under low shear stress.

6 . We conclude that the method of Gephart and Forsyth [1984] performed well 

on the large scale of hundreds of kilometers and furnished meaningful results. 

The results are stable and robust because they do not change significantly after 

subdividing the main dataset into subsets, nor after removing inconsistencies.

of the results.
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Except for east Zagros, the stress directions are well resolved because the 95% 

confidence limits are small. According to our error analysis, we judge the 

results as being of good quality because the average misfits range between 2 ° 

and 5°.

6.2. Southern California

1. In southern California, the strain is coaxial with the stress derived by Jones 

[1988] in Fort Tejon, Mojave, San Bernardino, Banning and Indio which indi

cates that the crust surrounding the SAF is homogeneous in strength.

2. The stress is favorably oriented in the average forming an angle of approxi

mately 39° with the faults adjacent to the SAF. However, it has an angle of 

65° with respect to the SAF which implies that the adjacent crust is homo

geneous in strength and stronger than the SAF.

3. The strain released by the earthquakes changes orientation as function of the 

strike of the SAF.

6.3. Iran and Southern California

In southern California the direction of plate motion is not parallel to the SAF. 

It can be decomposed into a component perpendicular to it which is responsible for 

the occurrence of thrust events in the crust adjacent to the SAF, and a component 

along the SAF which is a strike-slip component (Figure 5.12). Along segments of 

the SAF which have not recently experienced large earthquakes (dormant seg

ments), as in our study area, the stress is parallel to the strain and forms an angle of
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65° with the strike of the SAF (Figure 5.12). However, in 1857, this segment 

experienced a great earthquake of strike-slip type. Consequently the direction of 

greatest principal strain would be oriented at 45° to the SAF which would be about 

20° away from the greatest principal stress obtained by Jones [1988] (Figure 5.12). 

A similar situation exists along the SAF segment which was ruptured by the 1906, 

M$ = 8  1/4, strike-slip earthquake. Along this segment, the greatest principal stress 

is horizontal and approximately perpendicular to the SAF [Mount and Suppe, 1987; 

Zohack et al., 1987; Mount and Suppe, 1992; Zoback and Beroza, 1993]. The 

greatest principal strain resulting from this event would be at 45° to the greatest 

principal stress (Figure 5.12).

The same observation applies to Iran where the tectonic characteristics present 

some similarities (compressional stress regime and occurrence of thrust and strike- 

slip earthquakes). In Iran, slip occurs along thrust faults dipping SW at 45° (Figure 

5.12). The horizontal component of slip and stress are parallel to the direction of 

plate motion which is NE. The stress and strain orientations are also parallel for 

events with 0<M<7 (strike-slip fault dormant) suggesting that, overall, the crust in 

Iran is uniform in strength (Figure 5.12). But, for 0<M^8, stress and strain are not 

coaxial because large earthquakes occur mostly along strike-slip faults oriented 

approximately at 20° from the greatest principal stress (Figure 5.12). This implies 

that the greatest principal stress and strain are at 20° from each other (Figure 5.12) 

in West Zagros and eastern Iran. We conclude that the strike-slip faults in Iran as in 

California are weak and rupture under low shear stress.
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Table 5.1 A. Relationship between Fault Plane Solution Errors and Misfit from 
Inversions of the Perturbed Synthetic Set.

Average Average Difference

error change in of c?! and cr3

of focal P andT Average from

mechanism axes misfit best model

[deg] [deg] [deg] [deg]

5 8 2.9 3

1 0 1 2 4.1 0

15 18 5.8 6

2 0 2 2 5.1 3

30 36 8.5 1 1

40 34 7.6 23
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Table 5.IB. Mixing Data Sets with Different Stress Directions.

° 2

Data set PL AZ PL AZ PL AZ R Misfit

[deg] [deg] [deg] [deg] [deg]

Synthetic 1 82 288 7 138 4 47 0.9 0 . 0

Synthetic 2 5 214 8  123 81 337 0.4 0 . 0

Mixed set 18 2 0 1 72 18 1 1 1 1 0 . 1 6.3

PL, plunge; AZ, azimuth
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Table 5.2. Fault Plane Solutions of Iranian Earthquakes.

Date Latitude Longitude Depth M 5 Strikel Dipl Strike2 Dip2 Q Reference

[deg] [deg] [km] [deg] [deg] [deg] [deg]

090123 33.40 49.10 7.4 135 90 225 90 3 JMK88

110418 31.20 57.00 6.2 335 60 65 90 2 JMK88

410216 33.40 58.90 6.1 5 90 95 90 3 JMK88

470923 33.70 58.70 6.8 175 90 265 90 3 JMK38

481005 37.78 58.41 5m 7.3 110 5 290 85 2 M72KD

560203 32.50 46.00 5.0 83 43 329 69 2 SBOR81

570702 36.14 52.70 10m 6.8 104 44 300 46 2 M72NI

571213 34.35 47.65 40m 6.7 6 52 136 50 2 M72 WI

580814 34.00 47.50 5.0 57 71 327 90 2 SBOR81

580816 34.30 48.17 6.6 130 90 220 90 3 JMK88

620901 35.63 49.87 27 7.2 110 51 325 44 2 M72NWI

640819 27.90 52.60 52iss 5.5 93 51 202 68 2 SBOR81

640819 28.00 52.60 50iss 5.2 107 48 210 76 2 SBOR81

650310 32.50 49.00 33iss 5.5 244 19 123 80 1 SBOR81

650621 28.10 55.90 40m 5.4 102 34 313 60 2 M72ZA

660727 32.60 48.80 33 5.3mb 80 59 294 34 2 M72ZA
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

M s Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Reference

660918 27.90 54.30 18 5.4 82 56 270 34 2 M72ZA

670102 30.70 50.50 60 5.2 273 20 109 70 1 SBOR81

670109 27.60 54.50 23 5.4 62 58 319 69 1 SBOR81

670111 34.10 45.70 34 5.6mb 140 50 334 40 2 M72ZA

670129 26.50 55.30 43 5.8 249 24 67 65 1 SBOR81

680423 27.70 56.70 52 5.1 134 61 41 84 2 SBOR81

680429 39.20 44.30 34 5.3mb 59 70 320 66 2 M72NWI

680623 29.81 51.16 8* 5.5 70 60 203 40 2 J81 ZA

680802 27.51 60.92 62m 5.7mb 266 75 118 16 1 31A SI

680831 33.97 59.02 13m 7.3 342 84 251 80 1 M72E3

680901 34.04 58.22 15m 6.3 148 65 17 36 2 M72 m

680904 33.99 58.24 15m 5.2 147 65 327 25 2 M72EI

680914 28.44 53.11 33 5.6 108 60 288 30 2 M72ZA

690103 37.13 57.90 11 5.2 132 60 321 30 2 M72NEI

690414 27.80 54.70 50 5.0 94 71 0 80 1 SBOR81

690429 29.60 51.60 21 5.5 3 61 273 90 2 SBOR81

690621 27.50 57.50 64 5.2 246 40 9 66 2 SBOR81

690902 30.20 57.70 53 5.0 268 73 359 87 1 SBOR81
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

Ms Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Reference

691107 27.85 60.06 35m 6.7 274 82 18 30 1 3 IB SI

700223 27.82 54.53 20 5.6 106 46 286 44 2 22B ZA

700228 27.83 56.32 35 5.5mb 84 50 264 40 2 22CZA

700314 38.59 44.71 23 4.8 162 90 254 60 3 14ANWI

700317 34.00 59.70 25 5.0 105 22 352 81 2 SBOR81

700401 28.00 56.70 65 5.0 183 39 348 52 2 SBOR81

700730 37.82 55.88 19m 6.6 313 68 197 42 1 28ANEI

701025 36.77 45.13 19 4.8 212 70 319 50 1 14DNWI

701109 29.52 56.85 106m 5.5mb 50 30 284 71 1 31C SI

710214 36.56 55.63 39 5.3 232 60 95 40 2 28B NH

710412 28.31 55.60 44 5.9 81 55 261 35 2 22EZA

710526 35.51 58.22 26 5.4 57 42 309 75 2 28CEI

710822 29.70 50.70 20 5.1 217 80 126 87 2 SBOR81

710908 29.10 60.00 10 5.6 153 71 247 79 2 SBOR81

711108 27.05 54.48 36 5.9 120 48 300 42 2 22FZA

720410 28.43 52.83 12* 6.9 281 40 101 50 2 J81 ZA

720612 33.11 46.32 33 5.0 114 56 306 35 2 22HZA

720702 30.10 50.85 31 5.3 132 64 312 26 2 22JZA
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

Ms Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Reference

720806 25.07 61.23 33 5.5mb 112 70 292 20 2 31DMA

720808 25.03 61.13 41 5.0 112 70 292 20 2 31EMA

721117 27.35 59.09 65m* 5.4mb 159 80 66 70 2 32 SI

730802 37.35 56.51 9* 5.3mb 48 90 138 90 4 4 NH

741004 26.29 66.54 33 5.9 160 50 259 80 2 31FMA

741117 32.81 55.07 43 5.2mb 65 45 278 50 2 28E Q

741202 27.99 55.82 36 5.4mb 18 50 146 52 2 22LZA

750111 29.10 51.80 29 5.0 278 71 188 90 1 SBOR81

750307 27.50 56.26 11* 6.1 90 60 270 30 2 22MZA

750428 33.31 54.83 42 5.3mb 149 40 329 50 2 28FCI

751224 27.01 55.54 33 5.5 80 56 260 34 2 22NZA

760316 27.31 55.06 33 5.2 73 50 253 40 2 220 ZA

760422 28.71 52.13 24 5.5 112 50 292 40 2 22PZA

761107a 33.80 59.16 13 6.2 0 90 90 80 3 28GEI

761107b 33.24 47.96 51 4.8 110 40 306 50 2 22QZA

770321 27.61 56.39 12* 6.9 258 36 78 54 2 J81 ZA

770322 27.58 56.47 15* 5.9 260 50 80 40 2 J81 ZA

770323 27.62 56.59 9* 5.4 258 36 78 54 2 J81 ZA
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

M s Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Reference

770324 27.62 56.63 32 5.3mb 122 60 302 30 2 22RZA

770401 27.54 56.32 12* 6.0 258 36 78 54 2 J81 ZA

770406 31.98 50.68 41 5.9 95 46 275 44 2 22SZA

770426 32.66 48.92 47 4.8 110 62 290 28 2 22TZA

770525 34.89 52.06 26 4.3 112 60 256 40 2 28H Q

770526 38.93 44.38 37 5.4 38 90 128 70 4 141NWI

770605 32.64 48.09 12* 5.8 104 66 319 30 2 J81 ZA

771019 27.79 54.88 33 5.2 96 45 276 45 2 22UZA

771219 30.95 56.47 31 5.8 58 80 322 60 2 281 a

780211 28.21 55.42 50 4.6 96 40 276 50 2 22V ZA

780916 43.39 57.33 33 7.3 342 29 125 66 2 B82EI

781104 37.67 48.90 34 6.0 0 70 ISO 20 2 28JNWI

781214 32.14 49.65 33 6.2 120 10 300 80 2 22WZA

790110a 26.61 60.93 33 5.8 120 50 300 40 2 31LMA

790110b 26.52 61.01 33 5.9 120 56 300 34 2 31MMA

790116 33.90 59.47 33 6.7 125 64 348 34 2 28KEI

790213 33.32 57.43 33 4.8 337 34 105 67 2 B82EI

791114 33.92 59.74 33 6.6 75 90 165 80 4 28LEI
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

Ms Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Reference

791127 33.96 59.73 10 7.1 75 90 345 90 4 28MEI

791207 34.03 59.82 31 6.0 90 72 356 80 2 28NEI

800112 33.49 57.19 33 5.9 351 33 125 66 2 E82EI

800504 38.05 48.99 46 6.2 180 85 0 5 2 28PNWI

801219 34.59 50.65 33 5.8 129 40 255 62 2 28QNWI

801222 34.50 50.59 41 5.2 116 60 230 56 2 28RNWI

810611 29.91 57.72 33 6.7 172 40 270 80 2 28S a

810728 30.17 57.84 33 7.1 127 52 287 40 2 28T a

810804 37.90 48.84 25 5.6 159 26 32 73 2 HRVD

830207 26.28 57.21 33 5.7 5 42 101 85 2 HRVD

830305 32.19 49.08 10 5.4 254 4 133 88 2 HRVD

830326 35.88 52.01 10 4.7 104 61 6 75 2 HRVD

830418 27.94 62.44 51 6.5mb 81 43 231 51 1 HRVD

830528 32.45 48.36 27 5.1 314 38 106 56 2 HRVD

830712 27.11 56.26 47 5.8 241 45 85 48 2 HRVD

840222 39.55 54.06 41 00 109 83 199 85 2 HRVD

840319 40.53 63.25 26 7.0 219 28 38 62 2 HRVD

840320 40.58 62.82 26 4.2 263 38 32 64 2 HRVD
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

M s Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Referem

840806 30.84 56.92 19 5.3 72 39 282 55 2 HRVD

840814 40.44 63.40 10 4.7 56 36 241 55 2 HRVD

841222 27.51 53.68 49 4.4 115 41 303 49 2 HRVD

850202 28.22 53.48 22 5.3 114 32 284 58 1 HRVD

850327 31.65 50.54 84 5.2mb 72 31 281 62 1 HRVD

850807 27.72 52.89 15 5.2 303 39 91 55 2 HRVD

850816 36.96 59.72 10 5.0 159 26 265 82 2 HRVD

850918 31.45 49.62 11 4.4 147 36 347 55 2 HRVD

851029 36.96 54.59 15 5.9 97 31 241 64 2 HRVD

860306 40.33 51.60 35 6.3 67 5 300 87 1 HRVD

860502 28.03 53.02 15 4.9 107 47 331 52 2 HRVD

860503 27.90 53.00 15 4.5 111 33 325 62 2 HRVD

860611 40.17 51.83 50 4.7 291 43 153 55 1 HRVD

860712 29.79 51.36 33 5.6 178 81 269 82 2 HRVD

861220 29.97 51.25 15 5.0 348 70 257 89 1 HRVD

870410 37.40 57.28 15 4.9mb 292 45 180 69 2 HRVD

870429 26.99 55.93 15 5.3 273 42 62 52 2 HRVD

870512 27.95 55.32 15 4.9 278 34 80 57 2 HRVD
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

Ms Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Referent

870529 33.54 47.76 15 4.6 218 80 128 88 2 HRVD

870810 29.65 63.72 57 5.6mb 349 32 149 59 1 HRVD

870907 39.13 54.87 29 5.5 312 14 116 77 2 HRVD

871124 32.23 58.98 15 4.4 144 39 303 53 2 HRVD

871218 27.90 56.42 15 5.5 155 39 40 71 1 HRVD

880126 32.33 46.85 20 5.3 306 20 137 70 2 HRVD

880330 30.29 49.84 15 5.7 296 32 116 58 2 HRVD

880420 38.97 44.00 15 4.7 110 58 209 75 2 HRVD

880609 27.67 56.10 15 4.4 310 11 81 83 2 HRVD

880625 38.44 43.08 15 5.0 106 57 218 60 2 HRVD

880811 29.87 51.06 15 5.6 283 69 190 84 2 HRVD

880811 30.00 51.69 15 6.1 256 63 351 79 1 HRVD

880822 35.06 52.16 15 4.7 317 75 225 85 1 HRVD

880823 35.71 52.46 15 4.7 348 32 115 70 1 HRVD

880830 30.07 51.26 15 4.6 242 57 337 83 1 HRVD

881206 30.00 51.58 15 5.7 256 54 357 74 1 HRVD

890916 40.37 51.60 33 6.5 104 36 331 64 1 HRVD

890917 40.19 51.79 33 6.0 292 36 142 58 1 HRVD
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Date Latitude

[deg]

Longitude

[deg]

Depth

[km]

Ms Strikel

[deg]

Dipl

[deg]

Strike2

[deg]

Dip2

[deg]

Q Referem

891120 29.81 57.69 33 5.5 240 75 148 81 2 HRVD

891207 25.94 59.00 10 5.6 142 37 305 54 2 HRVD

900120 35.82 52.92 33 5.6 357 66 91 83 2 HRVD

900315 31.61 60.23 16 4.5 100 82 190 89 1 HRVD

900325 33.69 57.05 33 4.7 223 90 313 90 3 HRVD

900620 36.96 49.41 10 7.7 200 59 300 73 2 HRVD

900621 36.65 49.81 10 5.4 204 26 351 68 2 HRVD

900624 36.82 49.42 10 4.6 234 69 138 75 1 HRVD

900706 36.82 49.31 33 4.3 94 37 359 86 2 HRVD

900803 32.80 48.24 33 4.5 96 33 318 64 2 HRVD

900926 29.09 60.91 33 5.4 189 90 279 90 3 HRVD

901011 32.82 48.31 9 4.8 l ^ n1^0 45 308 45 2 HRVD

901015 33.67 56.79 33 4.1 114 45 335 53 2 HRVD

901106 28.23 55.46 25 6.8 274 37 73 55 2 HRVD

901216 29.05 51.31 16 5.5 332 23 144 67 2 HRVD

910522 27.42 55.81 23 4.9 98 47 311 48 2 HRVD

910724 36.50 44.08 33 5.2 335 44 116 53 2 HRVD

911006 40.90 43.43 18 4.4 32 70 123 87 1 HRVD
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Date Latitude Longitude Depth Ms  Strikel Dipl Strike2 Dip2 Q Reference

[deg] [deg] [km] [deg] [deg] [deg] [deg]

911104 30.62 50.18 33 5.0 143 41 314 49 HRVD

911128 36.77 49.58 14 5.0 219 36 354 63 2 HRVD

911207 25.08 62.94 29 5.1 309 8 85 84 2 HRVD

911219 28.28 57.32 32 4.8 215 35 103 75 2 HRVD

920304 31.64 50.71 33 4.5 122 79 213 83 2 HRVD

920519 28.31 55.55 33 5.0 254 40 63 51 2 HRVD

m : mantle source velocity used in preparing the fault plane solution. * : focal 

depth constrained by waveform inversion, mb: body wave magnitude, iss: depth 

comes from International Seismological Summary. HRVD: Harvard catalogue of 

centroid moment tensor solution. M72 : McKenzie 1972. JMK8 8  : Jackson and 

McKenzie 1988. SBOR81 : Sborshchikov et al. 1981. B82 : Berberian 1982. J81 : 

Jackson and Fitch 1981. CI=Central Iran; EI=East Iran; KD=Kopet Dag; 

MA=Makran; NWI=North-West Iran; WI=West Iran; SI= South Iran; Q=1-normal; 

2-reverse; 3-right-lateral strike slip; 4-left-lateral strike slip.
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Table 5.3. Stress Tensor Directions in Iran Estimated from
Published Fault Plane Solutions.

Data

Set

No of 

Events

<*1 ° 2 ° 3 R Average

Misfit

[deg]

PL AZ PL AZ PL AZ

[deg] [deg] [deg]

area 1 23 0 222 2 132 88 312 0.4 8.4

area lb 12 15 40 18 135 66 273 0.5 5.0

area 2 27(29) 0(2) 199(232) 2(10) 109(141) 88(80) 289(333) 0.5(0.5) 5.2(5.6)

area 2b 22(24) 1(2) 231(61) 13(1) 141(330) 77(88) 325(214) 0.6(0.4) 4.0(4.6)

area 1 and 2 50(52) 0(0) 227(227) 2(2) 137(317) 88(88) 317(137) 0i(0.4) 6.9(70)

area 3a 14(17) 6(5) 216(214) 9(8) 125(123) 79(81) 341(337) 0.4(0.4) 2.8(3.7)

area 3b 23(34) 19(19) 207(189) 2(0) 117(99) 71(71) 22(8) 0.3(0.3) 4.6(7.2)

area 3b* (27) (21) (194) 0 ) (284) (69) (16) (0.3) (6.4)

area 3a and 3b 37(51) 17(12) 205(186) 0(0) 115(96) 73(78) 24(6) 0.3(0.2) 4.9(7.7)

area 3c 24(27) 3(3) 137(132) 9(10) 46(41) 81(79) 244(235) 0.2(0.2) 4.3(5.2)

area 3 61 17 205 0 115 73 24 0.3 5.2

all Iran 111 1 33 4 123 86 282 0.3 7.2

In parenthesis, results for data sets containing fault plane solutions published by 

Sborschichkov [1981], * Depth £ 40 km. PL, plunge; AZ, azimuth.
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Table 5.4. Principal Strain Directions in Iran as a Function of Magnitude Range.

Data Magnitude Number of ^  e2  £ 3

Set Range Events PL AZ PL AZ PL AZ

[deg] [deg] [deg]

Area lb 4<M<>5 6 28 89 16 351 57 235

Area lb 5<M ̂ 6 4 1 0 6 1 2 273 74 134

Area lb 6<m 1 2 2 2 8 1 1 2 82 281

Area lb 4<m  <n 1 0 2 2 2 7 1 1 2 83 277

Area lb 1<M £ 8 2 9 65 49 325 39 162

Area lb 4<M<& 1 2 9 65 47 325 42 162

Area 2b 4<M <.5 5 4 242 41 148 48 336

Area 2b 5<M <.6 6 9 214 50 113 40 311

Area 2b 4<M ̂ 6 1 1 9 214 50 114 39 312

Area 2b 6<M<H 9 2 2 2 2 84 333 6 131

Area 2b 1<M<& 3 7 208 80 342 7 117

Area 2b 6<M<,8 1 2 6 2 1 1 81 343 7 1 2 0

Area 3a 4<M<>5 6 6 204 5 113 82 343
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Data

Set

Magnitude

Range

Number of 

Events

el 6 2 e3

PL AZ PL AZ PL AZ

[deg] [deg] [deg]

Area 3a 5<M<> 6 6 2 1 205 8 1 1 2 67 3

Area 3a 6<m  <n 2 1 1 2 0 0 16 107 71 324

Area 3a 4<M<n 13 1 2 2 0 0 15 107 71 327

Area 3a 1<M<& 1 1 180 8 8 288 2 90

Area 3a 4<M<& 14 2 181 8 8 245 1 271

Area 3b 4<M <15 7 1 215 28 124 62 307

Area 3b 5<M <.6 15 14 215 5 306 75 55

Area 3b 3 3 194 1 104 87 3

Area 3b 4<M<n 23 4 195 0 285 8 6 17

Area 3c 4<M<.5 6 9 175 5 84 79 327

Area 3c 5^M<.6 16 4 176 1 267 8 6 7

Area 3c 6<M<H 4 9 170 4 79 80 327

Area 3c 4£M<,7 24 9 171 4 80 80 328

PL, plunge; AZ, azimuth
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Table 5.5. Directions of Principal Strain along the Southern San Andreas Fault.

Location Number Sl S2 S3

of PL AZ PL AZ PL AZ

Events [deg] [deg] [deg]

Fort Tejon 17 10 352 39 90 49 249

Mojave 23 3 353 70 91 20 262

San Bernardino 18 62 166 28 351 2 260

Banning 40 12 176 77 332 5 85

Indio 40 35 190 54 22 5 284

PL, plunge; AZ, azimuth
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TABLE 5.6. Horizontal Computed Principal Strain Directions and 
the Strike of the San Andreas Fault.

Segment

Azimuth of Computed 

Maximum Horizontal 

Principal Strain 

[deg]

Average Local Strike 

of San Andreas Fault

[deg]

Difference

[deg]

Fort Tejon 352 282 70

Mojave 353 292 61

San Bernardino 346 300 46

Banning 356 285 71

Indio 370 312 58
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Table 5.7. Azimuth of Maximum and Minimum Horizontal Principal 
Stresses and Strains in Southern California.

Strain Stress

Segment el e3 <?3 6 1 6 3

[deg] [deg] [deg] [deg]

Fort Tejon 352 249 345 275 8 27

Mojave 353 262 358 267 5 9

San Bernardino 346 260 343 257 2 3

Banning 356 265 353 265 8 1 1

Indio 370 284 380 293 18 9

8 1 , angular difference between a  1 - Ej

8 3 , angular difference between ct3 - e3
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Fig. 5.1. Map of Iran with epicenters of earthquakes (dots) with known focal 
mechanisms. The polygons define the different areas and subareas used in the 
inversion of focal mechanisms for stress orientation. The focal mechanisms of 
events with M>7 are represented by lower hemisphere projections with the 
compressive quadrant shaded in black.
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Fig. 5.2. Map of southern California showing the San Andreas fault (SAF) and the five segments 
selected for study by Jones [1988] as well as the stress and strain directions. The principal 
stress directions ct1( cr2, a 3  published by Jones [1988] are represented by the small thin 
numbers, 1, 2, 3,respectively. The principal strain directions £j, e2, 6 3 , computed using 
Kostrov’s formula, are represented by the large numbers, 1, 2, 3, respectively. For the strain, 
only the 95% confidence ellipses for £j and e3 are plotted.
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F A U L T  P L A N E  S O L U T I O N S .  A R E A  1

Fig. 5.3. Map of northern Iran with focal mechanisms used in the inversion for 
stress of area 1 (Alborz). The focal mechanisms are represented by a lower 
hemisphere stereographic projection. P and T axes are labelled.
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f a u l t  p l a n e :  s o l u t i o n s ,  a r e a  2

Fig. 5.4. Map of Iran with focal mechanisms used in the inversion for stress of area 
2 (eastern Iran).
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Fig. 5.5. Map of Iran with fccal mechanisms used in the inversion for stress of area 
3 (Zagros).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



268

F A U L T  P L A N E  S O L U T I O N S  IN Z A G R O S  1 0 0 9 — 1 0 7 1

f a u l t  p u v n e  s o l u t i o n s  in  z a g r o s  1 978—1002
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Fig. 5.6. Directions of principal stresses (dots) for subregions of northern Iran (area 
lb) and eastern Iran (area 2b). (Left) Lower hemisphere projection of the P 
(crosses) and T (squares) axes with the three principal stresses (dots) 
corresponding to the best stress model. (Middle) 95% confidence region for CTj 
(dark gray) and 0 3  (light gray) plotted on a lower hemisphere stereographic 
projection with the direction of best fitting principal stresses (dots). (Right) 
Distribution of R values for the stress models within the 95% confidence 
region.
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Fig. 5.7. Directions of principal stresses for subregions of Zagros. Same type of plot 
as Figure 5.6
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Fig. 5.8. Directions of principal strain as a function of magnitude for subregions of northern 
Iran (area lb) and Zagros (area 3a, 3b, 3c) plotted on lower hemisphere stereographic projec
tions. Confidence ellipses for the greatest and least principal strain are marked with different 
line thickness as a function of magnitude band (first row). In the first row the numbers 1,2,3 
represent the greatest, intermediate and least principal strain, respectively. Row two displayes 
the orientation of the principal strain directions (bold numbers) obtained for the magnitude 
band 4<M<H and the confidence ellipses for the greatest (1) and least (3) principal strain. 
Also plotted are best fitting principal stresses (fine print) with the 95% confidence regions for 
the greatest (dark shading) and least (light shading) principal stresses as in Figure 5.6 for area 
lb, tind Figure 5.7 for area 3a, 3b and 3c. Row three is the same as row 2 but the strain is 
computed for 4<M<&. Row four is the same as row 2 but the strain is computed assuming 
constant magnitude.
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Fig. 5.9. Directions of principal strain as a function of magnitude for eastern Iran. 
Same plot as Figure 5.8.
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45* 50" 55" 60* 65"

Fig. 5.10. Schematic map view of the stress and strain orientations in Iran. Thick 
arrow in the center represents the relative plate motion between the Iranian 
plate and the Eurasian plate after Jackson and Mckenzie [1984], The thin black 
arrows represent the direction of horizontal maximum stress. The white arrows 
are the greatest horizontal principal strain directions for M<7. The question 
mark indicates that this stress direction is uncertain. The circle surrounding a 
point represents the Eurasian-Iranian pole of rotation determined by Jackson 
and McKenzie [1984],
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Fig. 5.11. Mohr plot representing the poles of the fault planes (dark dots) used in 
the stress inversion of Jones [1988] plotted as a function of normal stress, a, 
and resolved shear stress on the faults, x, for each segment. The horizontal 
axis is broken to indicate that the magnitude of the stresses are not known. 
The orientation of the principal stresses and the ratio of their relative magni
tudes (R values) used to produce this plot come from Jones [1988]. The dot 
with the light shading represents the pole of the San Andreas fault. It is plotted 
as a reference point for comparison with fault planes used in the stress inver
sion.
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IRAN DORMANT IRAN

Fig. 5.12. Orientations of maximum principal stress and strain along the SAF and 
along strike-slip faults in Iran. The fault is "dormant" (gray shaded line) if it 
has not been ruptured by an earthquake with M>7. PM indicates the direction 
of plate motion. The black triangles along the thin line indicate thrust.
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CHAPTER 6 

CONCLUSION

We have studied the orientation of the stress tensor in Hawaii and Iran using a 

powerful method of inversion of focal mechanism data. One purpose of this study 

was to test this method and its assumptions in different tectonic environments and 

at different scales. In Hawaii the stress is generated by magmatic intrusions in the 

volcanoes, Kilauea and Mauna Loa, and their rift zones as well as by the load of 

the volcanic pile. In Iran, stresses are generated at the plate boundaries which mark 

the collision between Arabia and Iran forming the Zagros mountains in the south, 

and between Iran and Eurasia in the north.

The typical size of the crustal volumes for which inversions were performed in 

Hawaii were 5x10x10 km, whereas in Iran, volumes of the size 300x1000x40 km 

were used. Remarkably, the quality of the results was equally good in both regions. 

The results were robust and unaffected by expanding or reducing the number of 

events within individual data sets. The crustal volumes responding to a homogene

ous stress field had average misfits in the range of 2° to 6° in Hawaii and Iran. 

From the error analysis applied to Iranian and Hawaiian data sets, we conclude that 

inversion results with average misfits smaller than 6° represent crustal volumes with 

homogeneous stress fields. In the range of 6° to 10°, the data sets should be con

sidered suspect and further testing for homogeneity should be pursued. Our
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approach of testing for stress homogeneity by subdividing data sets into subsets 

according to seismicity patterns and then comparing the average misfit of the sub

sets to the average misfit of the entire set worked well in Iran and Hawaii. In both 

regions, data subsets that we considered as homogeneous had average misfits 

significantly smaller by about 2° than the average misfit of the entire set.

When the diversity of focal mechanisms in a data set is large, the resolution of 

the stress tensor orientations may allow detection of changes in stress tensor orien

tation of at least 20° (significant at the 95% confidence level) as a function of space 

and time. In Hawaii, a significant rotation of the greatest principal stress of about 

20° due to repetitive episodes of magmatic intrusion in the east rift zone of Kilauea 

volcano occurred in 1979. In Iran, differences of 20° to 30° between regions were 

not resolvable.

The inversion results in Iran and Hawaii agree with independent information 

on the expected stress directions. In Iran, the over all direction of the greatest prin

cipal stress is horizontal and approximately parallel to the direction of plate motion 

measured relative to Eurasia. In Hawaii, in some volumes, the maximum horizontal 

stress is parallel to the direction of maximum compressive strain measured geodeti- 

cally.

This inversion method is strictly based on geometrical constraints and does not 

use a priori information about failure criteria. Faults are strictly considered as zones 

of weakness which can slip under low shear stress. We found that in Hawaii the 

decollement plane located at 10 km under the volcanic pile is a weak fault plane
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because the greatest principal stress is oriented near vertically in the western part of 

the island (Figure 1). In the south flank, in some volumes, prior to and right after 

the Kalapana earthquake (1972-1979), the greatest principal stress is oriented nearly 

parallel to the decollement (Figure 1). These stress orientations indicate that the 

decollement plane which is probably present under the whole island of Hawaii is an 

extremely weak plane of failure which can slip almost without friction. The state of 

stress along this decollement plane is summarized in Figure 1 which shows a 

schematic cross section from the west coast of Hawaii, west of Mauna Loa’s 

southwest rift zone, to the south flank of Kilauea. The stress orientations for the 

central part between the two volcanoes have been published by Liang and Wyjs

[1991]. We conclude that water may be trapped in this fault zone which is probably 

composed of oceanic sediments and volcanic debris which were deposited onto the 

ocean floor and over which the volcanic pile grew. This trapped water may be 

confined at near lithostatic pressure, thus reducing the normal stress on the decolle

ment and allowing it to slip freely under the push from the volcano or its rift zone.

Comparing released seismic strain orientations to the stress orientations in a 

volume of the crust where some weak faults are present may reveal the strength 

heterogeneity of this crustal volume. In Iran, in California and Hawaii, it was 

observed that the stress and strain are coaxial for earthquakes with magnitude less 

than 7 and the strain was mainly released on reverse faults. However, for earth

quakes larger than magnitude 7, the strain was released on strike-slip faults in Iran 

and California, and on the decollement in Hawaii causing significant angular 

differences between the greatest principal stress and strain from 20° to 40°. We
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conclude that strength heterogeneity seems to be prevalent in a variety of tectonic 

environments including continental collision in Iran, transform plate boundary in 

California and around volcanoes in Hawaii. If the pore fluid pressure is responsible 

for strength heterogeneity, it should be expected to be independent of the tectonic 

environment.

1. Suggestions for future work

1. To understand fault properties in Hawaii and their relationship to the states of 

stress, one should apply a Coulomb failure analysis using a Mohr circle. It is 

not clear how decollement, reverse, and normal faults can be active within a 

similar stress state. What are the upper limits for the pore pressure to facilitate 

failure on these faults without creating new ruptures within the intact rock? 

What coefficient of friction can we expect on these faults? Are faults reac

tivated or newly created?

2. Recently, Yin [1993] gave an elastic solution for the compressional wedge 

problem and investigated the initiation of normal and thrust faults. Such an 

approach should be tested in the south flank of Kilauea which is a wedge

shaped thrust. We would try to find the model parameters (e.g. surface slope, 

dip of the wedge, length of the unfaulted part of the wedge called Hubbert- 

Rubey toes) which could explain our observations. Constraints about the pore 

pressure at the base of the wedge and in the wedge could also be derived.

3. The active volcanoes on the island of Hawaii (Mauna Loa, Kilauea and 

Hualalai) are all located south of latitude 19° 45’. We know from this study

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



280

that they are the source of stress causing tectonic earthquakes of magnitude 

M^2.5 to happen in their flanks at depths of 8 to 12 km. North of this latitude, 

the volcanoes are inactive but magnitude Mk2.5 earthquakes are located in this 

region at depths between 5 and 15 km. The state of stress responsible for these 

earthquakes is still unknown. Is the stress governed by the load of the inactive 

volcanoes or are the stresses transferred through the volcanic pile from the 

active volcanoes to the south? Such questions should be answered to have a 

complete understanding of the seismotectonic of the island of Hawaii.

4. This study focused on the shallow Hawaiian earthquakes located above 15 km 

depth in the crust which is supposed to be decoupled from the Pacific plate. 

However, deep earthquakes are present under Hawaii at depths of 20 to 60 km. 

These earthquakes may be related to the stress field created by magma rising 

from the mantle and inducing brittle failure in the upper mantle or to the bend

ing of the plate or both. The study of the focal mechanisms of these events in 

relation to the plate bending induced stress could help us understand how 

magma moves from the mantle to feed the volcanoes at the surface.
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Fig. 6.1. Schematic cross section across Hawaii from the west coast to the south 
flank of Kilauea with stress axes and slip vectors. Full arrows indicate direc
tions of principal stress axes (c j^o^c^) as derived from fault plane solutions 
in this study and by Liang and Wyss, 1991. Half arrows are proposed slip 
vectors. The slip of the 1951 earthquake was derived in this study. The years 
of the earthquakes which ruptured individual segments of the weak decolle
ment plane are indicated. Two stress systems corresponding to the period 
1972-1979 (ai, 0 3 ) and to the overall stress regime (a ls 0 3 ) in the south flank 
of Kilauea calculated in this study are displayed. The decollement can slip 
under a greatest principal stress which can be nearly perpendicular or nearly 
parallel to the decollement.
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